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Outflow properties of luminous quasars
Amy Rankine
Quasars, powered by accretion onto the super-massive black holes at their galaxies’ centres,
are capable of ejecting highly energetic outflows of gas, which can suppress star formation
in the host galaxy, thereby impacting its evolution. Quasar-driven outflows are widely in-
voked in galaxy formation models in order to reproduce the observed properties of massive
galaxies. However, there are still fundamental open questions regarding the origins of these
outflows, and their relationship to accretion processes. This thesis covers a series of multi-
wavelength studies of the outflow properties of quasars at redshifts 1.5 < z < 3.5 from the
Sloan Digital Sky Survey. In particular, I focus on the C IV emission space which is often
used to infer the strength of quasar winds via the C IV blueshift. A major aim of this thesis
is to constrain the outflow properties of quasars by combining studies of emission lines,
broad and narrow absorption lines.
After an introduction to quasars and their outflows, I describe my use of independent
component analysis (ICA) for reconstructing the quasar spectra. With the reconstructions,
I define a sample of broad absorption line (BAL) quasars, named for the presence of broad
absorption lines in their spectra.
I subsequently explore the outflow properties, evident both in absorption and emission,
of the high-ionisation BAL and non-BAL quasars, revealing strong systematic correlations
between the emission and absorption properties. I also demonstrate that (high-ionisation)
BALs and non-BALs likely represent different views of the same underlying quasar pop-
ulation by revealing similarities in the luminosities and emission-line outflow properties
between the BAL and non-BAL quasar populations.
I investigate the prevalence of associated and outflowing narrow C IV absorption lines
(NALs) in quasars across the C IV emission space. I find that the velocity of the outflow-
ing NALs increases with C IV emission-line outflow velocity in BAL and non-BAL quasars
alike. I use this result to further argue that BAL and non-BAL quasars arise from the same
parent population. The velocity of line-locked systems, which are evidence for radiation
line-driving, is also shown to increase as the C IV blueshift increases in BAL and non-BAL
quasars which indicates the importance of radiation line-driving for driving outflows in
both quasar populations.
Finally, I present an investigation of the low-frequency radio and ultraviolet properties.
I find quasars with similar ultraviolet properties but differing radio properties suggesting,
perhaps, that the radio and ultraviolet emission is tracing activity occurring on different
time-scales. Additionally, opposing trends are observed between the radio-detection and
radio-loud fractions as functions of C IV blueshift which alludes to multiple processes con-
tributing to the radio emission. I explore the plausibility of winds, compact jets, and star
formation as sources of the radio-quiet emission, ruling out none.
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1.1 Active galactic nuclei and quasars
It is believed that at the centre of every massive galaxy, there is a super-massive black hole
(SMBH) and that it has spent some time over the course of its lifetime, rapidly accreting
material from the inner regions of the galaxy such that it emits vasts amount of energy
(Lynden-Bell, 1969). Basic arguments involving the galaxy luminosity function tracing the
black hole accretion rate provide estimates of 107–109 yr for the total period over which
the galactic nuclei are expected to be in this active galactic nucleus (AGN) phase (Soltan,
1982; Yu & Tremaine, 2002; Marconi et al., 2004). However, shorter timescales for individual
active phases of order 105 yr have also been postulated based on models whereby the AGN
‘flickers’ on and off (Schawinski et al., 2015).
AGN are fundamental to galaxy evolution. Twenty years ago galaxy evolution studies
were transformed by the unexpected observational discovery that the mass of the SMBH is
correlated with the galactic velocity dispersion (Magorrian et al., 1998; Ferrarese & Merritt,
2000; Gebhardt et al., 2000). Additionally, the correlation between the star formation rate
and black hole accretion rate over cosmic time (e.g., Aird et al., 2010) implies that galaxy
growth and black hole growth are linked.
One of the many illustrations that exist in the literature of the AGN phenomenon is pre-
sented in Fig. 1.1. All models have in common the SMBH surrounded by an accretion disc
which emits in the ultraviolet (UV) and is often considered to be geometrically thin and
optically thick (Shakura & Sunyaev, 1973). The broad UV and optical emission lines found
in a population of AGN spectra give rise to the notion of the broad line region (BLR), orig-
inally proposed as consisting of discrete clumps or clouds of gas (Antonucci, 1993). The
exact structure of the BLR is still uncertain but the presence of emission lines of a range
of ionisation potentials in spectra and their differing response times to changes in the UV
continuum (from reverberation-mapping studies and using light travel-time arguments;
Li et al., 2017) suggest that the BLR is stratified and covers a range of distances from light-
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days to light-months (Grier et al., 2019). Farther out from the black hole, on kiloparsec or
galaxy scales, is the narrow line region (NLR) from which the narrow optical/UV emission
lines originate. Other components of the basic AGN model include a dusty torus (termed
’circumnuclear region’ in Fig. 1.1 due to the uncertainty surrounding the exact structure of
this optically thick component) which must exist at radii at least as large as the dust sub-
limation radius. Recent studies have garnered support for this highly-obscuring structure
being formed by a failed wind (Wada, 2012; Izumi et al., 2018). The origin, structure, and
driving mechanism of the wind itself, most notably observed via the blueshifted absorp-
tion present in UV spectra (e.g., Turnshek, 1988; Weymann et al., 1991; Murray et al., 1995),
are unclear. The various observational signatures of winds are discussed later and are the
main subject of this thesis.
AGN emit across the electromagnetic spectrum and populations of AGN have been
identified at X-ray, UV, infrared, and radio wavelengths. In fact, AGN were first discovered
at radio wavelengths via emission from highly energetic, collimated radio jets (Schmidt,
1963). Now, however, only ∼0.4 per cent of the luminous AGN in the Sloan Digital Sky Sur-
vey (SDSS) are posited as having extended jets (Ivezić et al., 2002). The mechanisms for
turning a jet on are not known but black hole spin is likely a key factor (Blandford & Znajek,
1977).
Figure 1.1 provides just one illustration of the AGN phenomenon and it has been chosen
here for providing a clear representation of the many components of an AGN. The covering
fraction of each feature and the launch radius and angle of any wind (or jet) vary between
models. Additionally, these parameters are expected to vary with fundamental properties
of the AGN including accretion rate and black hole mass, but also with orientation which
makes AGN all the more challenging to unravel.
High-luminosity AGN are referred to as quasars and are the focus of this thesis. They
typically have bolometric luminosities ¦1045 erg s−1 and black hole masses of 108–1010 M.
They represent the most radiatively-efficient phase of SMBH growth. The quasar sample
used throughout this thesis is a subset of the quasar catalogue compiled from the four-
teenth data release of the Sloan Digital Sky Survey (Pâris et al., 2018). Objects are classed as
quasars in the catalogue if they have Mi [z = 2]<−20.5 and at least one emission line with
Full Width at Half Maximum (FWHM) > 500 km s−1.
1.2 Feedback
The difference in physical scales, coupled with the correlation between the masses of the
black hole and galaxy, implies the existence of some ‘feedback’ mechanism linking the
growth of the black hole to the growth of the galaxy (Kormendy & Ho, 2013).
Energetically, feedback is feasible: a typical central black hole of mass 108 M solar
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Figure 1.1: Unscaled illustration of the AGN phenomenon taken from Rojas Lobos et al. (2018, fig. 1) who
adapted the original by Marin (2016, fig. 1). Credit: Rojas Lobos et al., A&A, 611, A39, 2018, reproduced with
permission © ESO.
masses, accreting material, releases 1061 erg in the form of radiation and kinetic energy
during its growth, assuming an efficiency of 10 per cent. The released energy is 100 times
the gravitational binding energy of a 1011 M galaxy, thus only one per cent of the energy re-
leased during the accretion process is required to influence the evolution of the galaxy. The
timescales involved with AGN activity are uncertain and estimates range from 104 years for
individual AGN phases (Schawinski et al., 2015) to 109 years for total activity (e.g., Marconi
et al., 2004).
Moreover, cosmological simulations now routinely invoke AGN feedback, albeit often
in the form of sub-grid physics, in order to reproduce the observed galaxy mass function
(Somerville & Davé, 2015; Vogelsberger et al., 2020). Specifically, simulations of ΛCDM-
based models with no prescription for AGN feedback overestimate the number density of
high mass galaxies. Feedback mechanisms such as fast winds with large angular scales
4 CHAPTER 1. INTRODUCTION
which can blow the cold gas from the galaxy, or collimated radio jets injecting energy to heat
up the gas, could reduce the star formation rates in the galaxies (Fabian, 2012; Heckman &
Best, 2014), thus reducing the number density of galaxies at the high mass end of the mass
function.
There are two general modes of feedback that are expected to occur during different
black hole states. ‘Quasar’ mode becomes important at high Eddington ratios (¦10−2). In
this mode feedback occurs via winds that are driven from the disc by radiation pressure
from the radiatively-efficient disc, sweeping away gas in the galaxy that would otherwise
have formed stars. The winds are believed to originate from the accretion disc; however, it
is unclear how far they extend with estimates ranging from parsec to kilo-parsec scales. At
low Eddington rates (®10−3), the ‘radio’ mode kicks in, whereby relativistic jets, which can
extend well beyond the edge of the host galaxy, deposit kinetic energy into the host galaxy
and prevent cooling of the gas. However, the situation is not simple given there exist many
sub-Eddington AGN without jets and others with high accretion rates and jets (e.g., Willott
et al., 1999).
1.2.1 Signatures of feedback in the UV
Quasar winds can be detected in the rest-frame UV spectra of quasars at 1 ® z ® 4 – the
epoch of black hole activity – with optical spectrographs such as those of the SDSS. Funda-
mental questions remain about the key aspects of the physics of winds and how they relate
to the properties of the black hole, such as its mass and accretion rate.
Disc winds (Murray et al., 1995; Elvis, 2000; Proga et al., 2000; Proga, 2003) are one of the
main sets of models explaining quasar winds. From a thin accretion disc, a wind emerges
as a result of radiation pressure from the disc’s UV emission (see fig. 1 of Murray et al.,
1995). Some models invoke shielding of the wind (Murray et al., 1995; Proga et al., 2000)
or perhaps disc geometry (Leighly, 2004; Luo et al., 2015) to explain the high velocities that
the gas can reach without being over-ionised by the central source. Radiation line-driving
by ultraviolet photons has been considered as an acceleration mechanism of the wind (e.g.,
Giustini & Proga, 2019). However, acceleration by magnetohydrodynamics has also been
considered (Blandford & Payne, 1982) and it is probable that a combination of acceleration
mechanisms is responsible for the observed winds.
There exist multiple signatures of accretion disc winds in the ultraviolet/optical spectra
of quasars: blueshifted broad emission lines (BELs), broad absorption lines (BALs), and
narrow absorption lines (NALs). Each signature has been studied in isolation and this thesis
documents the first attempt to combine them in order to make progress towards a holistic
understanding of quasar outflows.
CHAPTER 1. INTRODUCTION 5
Blueshifted emission lines
The C IVλ1549 emission line is often blueshifted with respect to the systemic redshift of
the quasar. Excess emission in the blue wing of the emission line produces the skewed
C IV profiles that are ubiquitous in quasar spectra. Disc winds may explain the blueshifted
emission by means of the outflowing material emitting C IV photons. The optically-thick
disc in the mid-plane can account for the lack of excess emission in the red wing of the
line which would be associated with the wind flowing away from the observer on the other
side of the disc (e.g., Gaskell, 1982; Sulentic et al., 2000; Leighly, 2004; Richards et al., 2002b,
2011).
Broad absorption lines
One of the major obstacles in studying quasar winds as evidenced by the C IV blueshift is the
presence of broad (and narrow) absorption at the spectral location of the C IV emission line.
By definition, the broad absorption lines have FWHM > 2000 km s−1. Chapter 2 describes
the technique we employ to overcome the difficulty via the reconstruction of the quasar
spectra, including the intrinsic unabsorbed C IV emission.
Broad absorption lines observed in the UV spectra of quasars are long established as
providing evidence for the presence of high-velocity outflows among a substantial frac-
tion of the quasar population (Weymann et al., 1991; Hewett & Foltz, 2003; Allen et al.,
2011). Of the intrinsic (extinction-corrected) '40 per cent of luminous, optically-selected
quasars classed as BAL-quasars (Dai et al., 2008; Allen et al., 2011) the majority, so called ‘Hi-
BALs’, show absorption of highly-ionised species such as C IVλ1549, Si IVλ1397, N Vλ1240
and O VIλ1034. LoBAL-quasars also show absorption from low-ionisation species (e.g.,
Al IIIλ1857 and Mg IIλ2800), while FeLoBALs are quasars which additionally display Fe II
and Fe III absorption over extended wavelength intervals. The broad, blueshifted absorp-
tion is believed to result from the presence of outflowing gas along the direct line-of-sight
and observations typically detect gas travelling at velocities of many thousands of km s−1.
Evidence for the presence of infalling or rapidly rotating material from broad absorption
lines is rare due to the small number of redshifted BALs that have been observed and it is
not yet clear why this is the case (Hall et al., 2013).
The location of the outflowing gas is uncertain and establishing their radial distance
from the ionising source would go some way to ascertaining their impact on the host galaxy.
Without spatially resolving the wind, time-resolved spectroscopy can be used to constrain
its location. With multi-epoch spectroscopy BAL variability has been observed on rest-
frame timescales of≤5 years with some objects transitioning from BAL quasars to non-BAL
quasars (Filiz Ak et al., 2012, 2013; Sameer et al., 2019) and vice versa (Rogerson et al., 2018).
Such transformations may arise due to changes in the ionising state of the outflowing gas
or result from wind motion transverse to the line-of-sight (e.g., Gibson et al., 2010; Sameer
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et al., 2019). With such arguments in mind, the gas responsible for the BALs has been esti-
mated to be on pc scales (Capellupo et al., 2013), but also up to at least 500 pc (Arav et al.,
2018), and even kpc scales (Dunn et al., 2010; Xu et al., 2019).
There are generally two types of model postulated to explain the presence of BALs in
only a fraction of quasar spectra. The first being that all quasars have the gas responsible
for the BALs but that the gas has a∼20 per cent covering fraction. The second theory would
have all quasars being BAL quasars at an early stage of the fuelling-cycle for the quasar
before much of the gas is expelled during a phase of strong winds.
Discriminating between the different models would make for encouraging progress on
the question of the structure and prevalence of disc winds and the nature of feedback. In
Chapter 3 I describe an investigation into the similarities and differences between high-
ionisation BAL and non-BAL quasars, making use of the C IV emission space, in an effort to
address this question.
Narrow absorption lines
Narrow absorption lines (NALs) are, as their name suggests, much narrower (® 200 km s−1)
than the broad absorption introduced above and can be broadly divided into three main
populations based on their velocity with respect to the systemic quasar redshift. NALs at
velocities ¦ 15 000 km s−1 are mostly associated with intervening galaxies close to the line-
of-sight, and are unrelated to the quasar; however, some of these extreme-velocity NALs are
potentially tracing fast outflows (Hamann et al., 2011; Chen et al., 2021). For velocities in
the range 3000–15 000 km s−1, a significant fraction of NALs result from outflowing systems
associated with the quasar (Nestor et al., 2008; Wild et al., 2008), while NALs with velocities
® 3000 km s−1 are called associated absorption lines (AALs) and are generally believed to
originate in the quasar environment (Weymann et al., 1979; Wild et al., 2008).
Much can be learnt about the outflow properties from the NALs. Performing population
studies of NALs of various ionic species – e.g., the high-ionisation C IV, N V, O VI lines, and
the low-ionisation Mg II and Lyα lines – can reveal information about the ionisation state





where Q (H) is the total luminosity of ionising photons, nH the hydrogen number den-
sity, and r the distance between the ionising photon source and the ‘cloud’ of gas. Pho-
toionisation modelling (with e.g., CLOUDY; Ferland et al., 2017) of the line ratios has been
used to infer the velocity structure of the wind. Bowler et al. (2014) found that the ionisa-
tion parameter decreased as NAL velocity increased. The observation is consistent with the
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discrete structures (responsible for the NALs) in an accelerating outflow whereby the ionis-
ing flux decreases as distance increases (see also Perrotta et al., 2018, for a similar analysis
but with a smaller sample size).
While outflowing NALs populate the 3000–15 000 km s−1 velocity range, intervening sys-
tems, unrelated to the quasar, are also present. However, one observational signal that
provides unambiguous evidence for an origin in outflows, and particularly radiatively line-
driven outflows, is line-locked systems. Line-locking can occur when an outflowing cloud
of gas moving along our line-of-sight is shielded from the ionising source, which is respon-
sible for the gas’ acceleration, by a second cloud also moving along our line-of-sight at a
velocity relative to the shielded cloud corresponding to the velocity by which two absorp-
tion lines are separated. The shielded cloud experiences a reduction in the line flux of the
species responsible for the line-driving causing the gas to slow and the velocities of the two
clouds become synchronised (Scargle, 1973; Strittmatter et al., 1973; Burbidge & Burbidge,
1975). In Chapter 4, we investigate C IV NALs, line-locked and otherwise, in the context of
the C IV emission outflow signature.
1.2.2 Signatures of feedback in the radio
Since the discovery of AGN it has been known that the rapidly spinning black holes are
capable of launching powerful highly-collimated jets that can reach well beyond the extent
of the host galaxy. It is thought that jets become important at low accretion rates when disc
winds are weakest; however, quantitative observational evidence for this is lacking. AGN
jets are often identified and studied through their radio emission. Approximately 5 per
cent of quasars are classed as ‘radio-loud’ although the fraction evolves with redshift and
luminosity (Jiang et al., 2007; Kratzer & Richards, 2015). The origin of the radio-emission in
radio-loud quasars is dominated by the large lobes that are produced by powerful jets and
such radio sources can be categorised based on their morphology.
The origin of the radio emission in the much more abundant radio-quiet quasars is less
well understood. Quasars that are detected in large radio surveys such as the Faint Images
of the Radio Sky at Twenty-Centimetres (FIRST) survey (Becker et al., 1995) are typically
radio-loud. It is only in recent years with more sensitive surveys such as the Low-Frequency
Array (LOFAR; van Haarlem & et al., 2013) that the properties of radio emission in the radio-
quiet population have been studied in detail. Winds are capable of producing radio emis-
sion (Stocke et al., 1992; Zakamska & Greene, 2014); however, compact and/or weak jets
are also contenders for contributing significantly to the radio-quiet emission (e.g., Sadler
et al., 2014) with evidence for relativistic beaming in some systems (e.g., Blundell et al.,
2003). However, the relative importance of these sources in producing the observed radio
emission is still unclear (Panessa et al., 2019) and knowing how they relate to accretion pro-
cesses would be significant progress in understanding the lifecycle of quasars. In Chapter 5
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we explore the possible contributions of these phenomena to the radio-quiet emission and
consider the relationship between the UV and radio properties.
1.2.3 Feedback signatures at other wavelengths
This thesis focuses on the UV (and radio) signatures of feedback. However, winds are multi-
phase in nature and the cool molecular gas outflows tracing galaxy-scale winds can be
studied in z ∼ 2 quasars with sub-mm telescopes such as ALMA (Veilleux et al., 2020), and
ultra-fast outflows have been studied via X-ray absorption (e.g., Chartas et al., 2002). Addi-
tionally, blueshifted [O III]λ5007 in the rest-frame optical spectra of z ∼ 2 objects has been
observed with near-infrared instruments such as VLT-SINFONI and Gemini-GNIRS (Coat-
man et al., 2019; Temple et al., 2019). [O III] is tracing ionised outflows on kpc scales thought
to be coincident with the NLR. Coatman et al. (2019) found correlations between the C IV
blueshift and the [O III] kinematics suggesting the outflows traced by these lines are linked
over an extended range of scales. Correlations between BAL properties and [O III]-emission
properties have also been found by Xu et al. (2020).
1.3 Unification
The original AGN unification schemes of Scheuer (1987), Antonucci (1993), and Urry &
Padovani (1995) considered the AGN phenomenon to result from different, but unchang-
ing, components with the observational signature depending solely on orientation on the
sky and the presence or absence of a jet. Type-1 AGN are viewed from an angle such that the
BLR is visible, thus broad emission lines observed. Type-2 AGN, on the other hand, have an
orientation edge-on to the accretion disc with a dusty torus obscuring the BLR and instead
have only narrow emission lines in their spectra which are thought to be produced at much
greater radii from the black hole.
More recently, time dependence and even evolution have been invoked to unify all AGN.
Giustini & Proga (2019) provide an updated view on AGN unification and their fig. 5 (repro-
duced here in Fig. 1.2) includes different black hole masses, Eddington ratios, and orien-
tation to explain the diverse observations that exist. The authors implement different disc
structures and outflow processes as the Eddington ratio and black hole mass evolve.
The Eddington ratio drives the structure of the accretion disc and the subsequent ac-
cretion flow. At low Eddington ratios (∼10−4) the inner accretion disc is hot, geometrically
thick and radiatively inefficient. Jet feedback is important in this regime and it is only as
the Eddington ratio increases that the disc becomes radiatively efficient and thin, and the
jet weakens. In this moderate Eddington-ratio regime (∼10−2), the black hole mass dictates
the strength of the line-driven winds. The larger the black hole mass, the cooler the disc
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Figure 1.2: Sketch of the inner accretion disc and outflow region for all four combinations of a small (
108 M) or large (¦ 108 M) black hole mass, and moderate (' 10−3–10−1) or high (¦ 0.25) Eddington ratio from
Giustini & Proga (2019), fig. 5. At high Eddington ratios, the cold, optically thick accretion disc (green disc) ex-
tends closer to the black hole compared to at moderate Eddington ratios, and the hot, optically thin accretion
flow (red blob) is smaller. Radiatively-driven winds – persistent (solid blue arrows) and transient (dashed) –
are launched from smaller radii but only large-radius streamlines escape whilst the close-in streamlines fail
(blue swirls). At moderate Eddington ratios, much more of the wind fails, and smaller black holes have less
persistent winds. In this model, quasars viewed directly along the winds are likely to have BALs, including
the examples listed around the right-hand side. Credit: Guistini & Proga, A&A, 630, A94, 2019, reproduced
with permission © ESO.
(following Shakura & Sunyaev, 1973), and the greater the ratio of optical/UV flux to far-UV
/ soft X-ray flux. A successful line-driven wind can only be launched if the UV flux is strong
enough to exert enough radiation pressure on the gas and if the X-ray flux is weak enough
so as to not over-ionise the gas; therefore disc winds will be strongest in the high black hole
mass quasars. The UV/X-ray flux ratio will increase along the radial axis of the disc, and
as such, the launch radius of the winds will also depend on the Eddington ratio and black
hole mass.
In the model of Giustini & Proga (2019), orientation also plays a part in the ability to
detect the wind via BALs, but the importance of orientation changes as a function of Ed-
dington ratio and black hole mass. The line-of-sight required to intersect the wind will
change as the shape and launch radius of the wind changes.
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Accretion is expected to be regulated and so while the purpose here is not to explain
physically how this regulation may occur, it is clear from Fig. 1.2 that however the accretion
rate and Eddington ratio may vary, these changes would result in changes in the observed
UV and X-ray continua, broad UV and optical emission lines, and absorption features.
1.4 Thesis structure
This thesis consists of various large statistical studies investigating multiple observational
diagnostics of outflows in quasars across a range of spatial (and temporal) scales. A multi-
wavelength approach is necessary in order to gain a holistic understanding of how quasars
can influence their host galaxies.
The structure of the thesis is as follows. Chapter 2 includes a breakdown of the spectrum
reconstruction technique which utilises Independent Component Analysis (ICA). In doing
so, we are able to use information from elsewhere in the spectra to inform the shape of the
– often absorbed – C IV emission line profile. The base sample of quasars from SDSS in the
redshift range 1.5< z < 3.5 is also described and the BAL quasar sample defined.
The spectrum reconstructions thus allow us to investigate the kinematics of the C IV
emission profiles of the BAL and non-BAL quasars in a consistent manner in Chapter 3.
Additionally, we have investigated correlations between the C IV blueshift and BAL trough
parameters including trough velocities and depth.
Chapter 4 describes an investigation into the relationship between the C IV blueshift
and the outflows traced by C IV NALs. We also explore any potential differences between
the NALs found inside BAL troughs and those outside.
In Chapter 5 we attempt to tie the low-frequency radio emission as observed by the Low
Frequency Array (LOFAR) to physical processes including jets, star formation and winds.
Again, we use the diagnostic power of the C IV emission space to explore the connection
between jets and winds.
Finally, in Chapter 6 I provide some concluding remarks and suggest a few possible di-
rections for future investigations.
Throughout the thesis, vacuum wavelengths are employed and we adopt a ΛCDM cos-






Using a sample of'144 000 quasars from the Sloan Digital Sky Survey data release 14 (DR14)
we define the population of high-ionisation BAL and non-BAL quasars with redshifts 1.6®
z ≤ 3.5 and luminosities 45.3< log10(Lbol/erg s)< 46.6. Key to the investigation is a contin-
uum and emission-line reconstruction scheme, based on mean-field independent com-
ponent analysis, that allows the intrinsic C IV emission and continuum to be recovered.
We compare our classifications of BAL and non-BAL quasars to those from the SDSS DR14
catalogue and find that differences are most apparent when absorption is present at low ve-
locities relative to the systemic redshift of the quasar. We attribute the differences in classi-
fication to our updated and improved redshift estimates which are based on a separate ICA
analysis. The reconstructions presented here form the foundations of the investigations in
the subsequent chapters.
This Chapter is based on Section 2 of the article:
A. L. Rankine, P. C. Hewett, M. Banerji, G. T. Richards
BAL and non-BAL quasars: continuum, emission and absorption properties establish a common parent sam-
ple
MNRAS, Volume 492, Issue 3, March 2020, Pages 4553–4575
P. C. Hewett calculated the quasar redshifts detailed in Section 2.3, generated the ICA components (Sec-
tion 2.4.2), and morphed the spectra (Section 2.4.1).
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2.1 Introduction
Large spectroscopic surveys such as the SDSS (York et al., 2000) have the capacity for sta-
tistical studies of quasars; the latest data release (DR16; Lyke et al., 2020) contains∼750 000
quasars. Prior to SDSS, the Palomar Bright Quasar Survey (BQS; Schmidt & Green, 1983)
consisted of 114 optical spectra mostly from the Palomar-Green catalogue (Green et al.,
1986). With this now seemingly small catalogue, Boroson & Green (1992) conducted a prin-
cipal component analysis (PCA) to unravel correlations between various measured optical
properties of the low-redshift quasars, namely the Hβ , [O III]λ5007, He IIλ4686, and Fe II
emission lines.
Later came the optically-selected Large Bright Quasar Survey (LBQS; Hewett et al., 1995).
Francis et al. (1992) applied a principal component analysis directly to the spectra in order
to examine correlations between individual component weights and various emission line
strengths at UV wavelengths, from Lyα through to Al III.
At z ∼ 2, the rest-frame UV is observable with the optical spectrographs of SDSS, provid-
ing access to radiation from the accretion disc, the broad-line region, and any winds at the
peak epoch of black hole activity. The modest S/N of the spectra and the large sample sizes
mean that significant time and energy must first be invested in the methods of extracting
useful information from the spectra. Additionally, the presence of extensive absorption due
to outflowing gas along the line-of-sight in the spectra of a significant population of quasars
of interest further complicates the task. We review the task of recovering the unabsorbed
ultraviolet SEDs of BAL quasars and the approach taken to perform the investigation here.
Performing a statistical analysis of quasar UV spectra to produce a small number of
‘components’, linear combinations of which are capable of reproducing individual quasar
SEDs, is long established (Francis et al., 1992; Yip et al., 2004). Application of the compo-
nent reconstruction techniques has proved successful in the context of BAL quasars, where
it is necessary to reconstruct the unabsorbed SED at wavelengths affected by the presence
of BAL troughs. The non-negative matrix factorisation (NMF)-based analysis of the SDSS
DR6 spectra (Allen et al., 2011) resulted in very effective reconstructions, albeit over a re-
stricted range in wavelength given their focus on primarily the C IVλ1549 emission line and
the BAL/non-BAL classification. Implementations involving principal component analysis
(PCA) now form key elements of the redshift determination for quasars and the identifica-
tion of BALs in recent large-scale surveys, particularly the SDSS (Pâris et al., 2017; Abolfathi
et al., 2018; Pâris et al., 2018).
From previous work (Allen et al., 2011), it is clear that the accuracy of any component-
based reconstructions of quasar spectra needs to be high in order to parameterise differ-
ences in the emission-line SEDs such as the He IIλ1640 properties, particularly for spectra
with extensive wavelength ranges affected by BAL troughs. In order to undertake such a
quantitative investigation of the underlying UV SEDs of high-ionisation BAL quasars and
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non-BAL quasars using the large quasar spectra samples available from the SDSS (Pâris
et al., 2018) we have revisited the question of how to obtain high-accuracy reconstructions
of individual BAL and non-BAL spectra that possess extensive ranges in SED properties.
The structure of the Chapter is as follows. A brief description of the task of recon-
structing quasar spectra is provided in Section 2.2. The selection of the quasar sample is
described in Section 2.3 before the specific recipe for the spectral reconstructions is pre-
sented in Section 2.4. The question of the definition of the sample of quasars that possess
‘broad-absorption’ is the topic of Section 2.5, where both the classic definition, involving
the balnicity-index (BI) from Weymann et al. (1991), and the more extensive absorption-
index (AI) from Hall et al. (2002), are employed.
2.2 The problem at hand: reconstructing quasar spectra
The PCA, NMF and mean-field independent component analysis (MFICA) (see below) ap-
proaches all involve reconstructions based on linear combinations of derived components.
There is, however, a significant variation in the form of quasar UV SEDs due to multiplica-
tive changes as a function of wavelength; the effect of extinction due to dust along the line-
of-sight is a familiar example. Such intra-population non-linear variations are not opti-
mally characterised via PCA/NMF/MFICA analyses and we have therefore applied an em-
pirical large-wavelength scale correction to the overall shape of the quasar spectra prior
to deriving components and generating reconstructions of individual spectra. Essentially,
the individual spectra are given the same overall shape and we term the process ‘morphing’
throughout the Chapter. The application of the large-scale multiplicative shape-morphing
has the advantage of reducing the number of components required to produce a recon-
struction of specified accuracy. A full description of the procedure is given in Section 2.4.
To generate the components that allow spectrum reconstructions we have used MFICA
decompositions (Højen-Sørensen et al., 2002; Opper & Winther, 2005; Allen et al., 2013). For
a specified number of components, the MFICA works as well or better than any decompo-
sition scheme currently used for astronomical spectra (Allen & Hewett, in preparation). As
a result, relatively few components are required to produce reconstructions, making recon-
structions of only partially complete spectra (as required for the BAL quasars) more stable.
The question of reconstruction reliability and stability for spectra with extensive miss-
ing regions, such as the underlying emission spectra for BAL quasars with troughs extend-
ing over a significant range in velocity, is key and discussed in some detail by Allen et al.
(2011). In our analysis we are able to place priors on the component weights when re-
constructing wavelength regions affected by BALs (particularly the C IVλ1549 emission
and wavelength regions to the blue) using the properties of the individual quasar spec-
tra unaffected by BAL troughs. In more detail, our novel scheme uses priors on the MFICA
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Figure 2.1: Example spectra (black; smoothed with the variance-weighted five-pixel scheme) and reconstruc-
tions (red) showing the quality of the reconstructions across the full range of spectrum S/N. Also plotted, are
the residuals (spectrum − reconstruction) divided by the spectrum noise at each pixel. Non-BAL quasars are
plotted in the top row and classically-defined BAL quasars are in the bottom row. The middle row contains
spectra with absorption too narrow to have positive balnicity index (BI) but with positive absorption index
(AI). The spectrum S/N increases from left to right.
component-weights based on the properties of the C III]λ1908-Si III]λ1892-Al IIIλ1857
complex, which are closely related to the morphology of the emission in the 1200–1600 Å
range as evident in fig. 11 of Richards et al. (2011).
Using the MFICA-component scheme, we have the ability to reconstruct 95 per cent of
(non-) BAL quasar spectra to an accuracy1 of 93 (94) per cent over wavelength ranges 1265–
3000 Å. The procedure is described in detail in Section 2.4 but we provide a few example
reconstructions in Fig. 2.1 to show the quality of the reconstructions achieved.
1Defined as the fraction of the (spectrum− reconstruction) residuals within 2σwhereσ is the spectrum noise
at each pixel.
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2.3 Quasar sample
The quasar sample is based on the catalogue compiled from the fourteenth data release of
the Sloan Digital Sky Survey (SDSS DR14Q; Pâris et al., 2018), which contains '526 000
quasars. The Baryon Oscillation Spectroscopic Survey (BOSS) involved observations of
galaxies as well as quasars to allow an investigation of the intervening Lyman-α forest ab-
sorption. Unlike the initial SDSS survey, which resulted in the Schneider et al. (2010) quasar
catalogue drawn from the SDSS DR7, determination of a quantitative selection-function
for quasars as a function of SED, redshift and magnitude was not attempted for the BOSS
survey. As a consequence, completeness information for quasars (Richards et al., 2002a)
and BAL-quasars (Allen et al., 2011) is not available. The situation is compounded by the
fainter magnitude limit to which SDSS DR14 extends and the significant fraction of quasar
spectra with very low signal-to-noise ratio (S/N).
Fortunately, for the comparative investigation presented here, it is not necessary to de-
termine the detection probability Pq s o (SED,m ,z ) but only to ensure that the probabilities
for BAL and non-BAL quasars are similar. The detectability of BAL-troughs decreases sig-
nificantly as the spectrum continuum S/N decreases (Allen et al., 2011). Only the most
extreme BAL-quasars are, therefore, identifiable in the DR14 quasars that possess low con-
tinuum S/N. As the intention is to investigate the relationship between BAL-quasar ab-
sorption properties and their underlying emission-line properties, a minimum spectrum
S/N-threshold for inclusion of quasars is adopted.
The majority of spectra included in the sample possess an average S/N≥5.0 thresh-
old, per SDSS-spectrum pixel, over the rest-frame wavelength interval 1600–2900 Å (when
Mg IIλ2800 is present in the spectrum) or 1600–2000 Å (at higher redshifts).2 Figure 2.2
plots the fraction of BAL and non-BAL quasars as a function of average S/N. As expected,
the fraction of BAL quasars decreases at low-S/N.
The classification of quasars as HiBALs or non-BALs is based on the C IVλλ1548,1551
emission line and the 25 000 km s−1 region blueward of the line (Section 2.5). Minimum red-
shifts of z = 1.56 for quasars with SDSS-III spectra (minimum λo b s ' 3600 Å) and z = 1.67
for quasars that possess only spectra from DR7 (minimum λo b s ' 3800 Å) are therefore
adopted. The number of quasars with redshifts z > 3.5 whose spectra satisfy the S/N-
threshold is small and a maximum redshift of z = 3.5 is also imposed. The sample of
quasars satisfying the redshift-interval constraints and the spectrum S/N-threshold num-
bers'144 000. Our sample contains only the default spectra listed in DR14Q of quasars for
which duplicate observations exist.
The estimation of systemic redshifts for quasars in the SDSS data releases has improved
2For '6 per cent of the sample the S/N≥5.0 threshold applies to more restricted wavelength intervals that
include the low-ionisation Mg II and C III]-emission complex but none of the conclusions of the thesis depend
on the inclusion/exclusion of the small percentage of such spectra.
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Figure 2.2: Top: Distribution of average S/N for our quasar sample. Bottom: fraction of BAL and non-BAL
quasars as a function of S/N with Poisson errors on the BAL fraction. At each S/N bin, the fraction of BALs
and non-BALs adds to unity. Note the drop in BAL quasars at low-S/N is due to the difficulty in detecting
troughs in noisy spectra.
significantly since DR7 (Schneider et al., 2010) and the reanalysis of Hewett & Wild (2010).
Extensive discussion of the effectiveness of the improved schemes is contained in Pâris
et al. (2017, 2018) and the implications for clustering investigations are reviewed by Zarrouk
et al. (2018). Notwithstanding the improvements, our own investigations demonstrate that
substantial advances in the accuracy of systemic redshift estimates can be made relative to
those included in Pâris et al. (2018).
Here, quasar redshifts are calculated using spectrum reconstructions based on a sepa-
rate mean-field independent component analysis scheme (Allen et al., 2013) with the red-
shift as a free parameter. The reconstructions are deliberately confined to the 1600–3000 Å
region, thereby excluding the C IV emission line. The stability of the rest-frame wavelengths
of the low-ionisation emission lines including O Iλ1304+Si IIλ1307, C IIλ1335, Al IIIλ1857,
Si III]λ1892, C III]λ1908 and Mg IIλ2800, independent of the large range of ultraviolet SEDs,
including high-ionisation emission-line blueshifts, is used to verify the effectiveness of the
redshift determinations. In terms of the quasar rest-frame velocity differences, in excess of
35 000 quasars show a shift of >500 km s−1 between the DR14 and our new redshifts, with
'9800 quasars possessing shifts of >1000 km s−1. While the use of the new redshifts has an
impact on the effectiveness of the spectral reconstructions and which objects are classified
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Figure 2.3: Comparison of DR14Q redshifts, zSDSS, with our new redshifts, znew. Top: distribution of corrected
redshifts of all quasars in our base sample (black; left-hand axis) and the sub-sample of classically-defined
BAL quasars (red; right-hand axis; see Section 2.5). Bottom: difference between znew and zSDSS, as a velocity
in the rest-frame, as a function of znew.
as BAL-quasars (details of which are presented in Section 2.5), none of the statistical results
presented in Section 3.2 change if the DR14 redshifts are employed.
The redshift distribution of the base 143 664-quasar sample to be analysed is presented
in Fig. 2.3 along with a comparison of the SDSS DR14 redshifts with our new values. The
redshift distribution of our whole sample reflects that of SDSS DR14Q (see fig. 5 of Pâris
et al., 2018). The distribution of BAL and non-BAL quasars as a function of redshift differ
(top panel) and Allen et al. (2011) performed a careful examination of the dependence on
BAL quasar detection as a function of redshift. The SDSS quasar sample is not complete
and selection is based on the photometric properties of the quasar targets as well as some
selection of FIRST sources. The BAL quasar colours as a function of redshift will differ from
those of the non-BAL quasars due to the presence of significant absorption and so their
selection will also differ. Additionally, BAL quasars exhibiting more dust reddening than
non-BAL quasars (e.g., Reichard et al., 2003; Allen et al., 2011) could result in a lower BAL
than non-BAL quasar detection rate at a given redshift due to preferentially losing higher
E (B −V ) sources as redshift increases.
The first stage in the analysis is to generate reconstructions for each of the quasar spec-
tra as described in the next section.
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2.4 Quasar spectra reconstructions
The rest-frame wavelength range selected for the investigation is 1260–3000 Å. The long-
wavelength limit ensures the inclusion of the Mg IIλ2800 emission line for quasars with
redshifts up to z ' 2.4 in the DR14 spectra. The short-wavelength limit allows BAL troughs
associated with the O IV+Si IV emission at 1400 Å to be included as well as emission due
to the low-ionisation species O Iλ1304+Si IIλ1307 and C IIλ1335. The strong BAL absorp-
tion associated with the N Vλ1242 emission and Lyman-α emission are in principle also
of interest. The presence of absorption from the Lyman-α forest, however, complicates the
problem of reconstructing the intrinsic quasar SEDs, particularly where the aim is to utilise
only a small number of components to achieve the reconstructions.
The spectral resolution of the data used in this thesis is ≈2000 and the velocity resolu-
tion ∼150 km s−1 which is appropriate for the investigations presented throughout: we are
considering C IV emission blueshifts spanning ∼5000 km s−1, BAL absorption features with
widths > 450 km s−1, and NAL FWHM > 160 km s−1.
2.4.1 Quasar spectrum shape standardisation: ‘morphing’
Unlike the original SDSS DR7 quasar spectra the observational constraints relating to the
placement of the fibres for the BOSS DR14 observations mean that differential atmospheric
refraction has an effect on the spectrophotometry, most significantly at blue wavelengths.
In detail, one of the primary goals of BOSS was to observe the Lyα forest in z = 2 quasars
such that increased S/N at blue wavelengths was prioritised over other wavelength ranges
and achieved by centering the target’s fibre at 4000 Å. The spectrophotometric standard
stars were however centred at 5400 Å. The offset from the fibre’s position due to refraction is
greater for blue wavelengths compared to red wavelengths and the offsets between quasar
target and standard stars are the primary cause of errors in the quasar spectrophotometry.
An extensive discussion of the effect and a scheme for performing post-reduction correc-
tions to the spectrophotometry is presented in Margala et al. (2016).
The differential atmospheric refraction effects give rise to ±10 per cent multiplicative
variations in the spectrophotometry. Variations in the amount of dust extinction affecting
the ultraviolet continuum and emission-line fluxes from quasar to quasar also produce ‘in-
trinsic’ multiplicative differences in the large-scale shape of the observed spectra. As her-
alded in Section 2.1 the presence of such wavelength-dependent multiplicative changes
complicates any scheme whereby spectra are reconstructed using linear-combinations of
fixed ‘components’. The first stage in the spectrum reconstruction procedure is therefore to
ensure that all the individual quasar spectra possess the same overall shape. This morph-
ing process is effective at removing the effect of dust; however, SDSS is biased against even
moderately red quasars and so the morphing is not required to correct extreme reddening.
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The reference SED used in the spectrum-shape morphing is a model quasar spectrum as
described in Maddox et al. (2012). By construction the model reproduces the ultraviolet
SED of luminous, unreddeded quasars and a mean spectrum from the SDSS DR7 quasar
catalogue would work equally well.
The shape-morphing proceeds as follows. Eight MFICA components (Section 2.4.2), to
allow spectrum reconstructions, are generated using '4000 spectra3 of non-BAL quasars
with a range of spectrum shapes which have not been shape-morphed. Individual spec-
trum reconstructions are then calculated using the masking procedure (to exclude wave-
lengths affected by both broad and narrow absorption features) described in Section 2.4.3
for all spectra. The scheme thus allows spectra with high-equivalent width BAL troughs to
be shape-morphed while ensuring that all spectra are processed in the same way. The re-
sulting reconstructions capture the overall large-scale shape of the spectra. The continuum
in the reference model and each individual reconstruction is then interpolated across the
locations of the strongest emission lines. The ratio of the reconstruction continuum and
reference model is calculated and median filtered using a 601-pixel ('250 Å) window. The
original spectrum is then multiplied by the resulting smooth function (see top two rows of
Fig. 2.4 for examples of the morphing procedure). Approximately 76 per cent of spectra are
modified by factors of less than ±10 per cent over the full wavelength range. Should it be
required, the individual spectra and the reconstructions can be straightforwardly ‘unmor-
phed’.
2.4.2 MFICA-component generation
Samples of morphed spectra are used to calculate the components to be employed in
the definitive spectrum reconstructions. First, bad pixels identified in the SDSS reduction
pipeline are masked along with strong sky lines (e.g., the 5578 Å [O I] emission) in the blue.
Narrow absorption features are also masked by applying a 61-pixel median filter to define
a pseudo-continuum and masking the pixels where the spectrum lies below this pseudo-
continuum by at least 3σ, where σ is the spectrum noise. Three pixels blueward and red-
ward of each such pixel are also masked.
The MFICA-components are calculated (see Allen et al., 2013) using a sample of '4000
quasar spectra with complete coverage of the 1260–3000 Å wavelength range4 and without
3MFICA components generated using different samples of¦1000 spectra, selected to span the dynamic range
in properties of interest (e.g. emission-line equivalent width), are extremely similar. The small-scale, pixel-
to-pixel, ‘noise’ in the components does, however, reduce as the number of spectra employed is increased.
The DR14-quasar sample is large and all components generated for the investigation are calculated using
'4000 spectra, with S/N≥8 per pixel and very few masked/bad pixels. The components, and therefore the
conclusions, would not change significantly if different, appropriately chosen, samples of 4000 spectra were
used.
4The quasar spectra have redshifts in the interval z ' 2.0−2.3.







































Figure 2.4: A non-BAL quasar spectrum (left) and BAL quasar spectrum (right) illustrating, from top to bot-
tom, the main stages in the MFICA-reconstruction procedure. The two quasar spectra both show significant
differences in shape compared to the majority of the quasar population. The original spectra in the top panels
(blue) are reconstructed using the BAL-masking routine and the MFICA-components that account for large-
scale spectrum shape information. The initial BAL mask (dotted blue) and the iteratively-produced final BAL
mask (solid orange) are also shown, along with the narrow absorption-line mask in purple. From the recon-
structions in the top panels (red), the morph arrays are produced (green, middle panel; see text for details).
The original spectra are multiplied by the morph arrays to produce the black spectra in the middle panels
which now have the same overall spectral shape as the master quasar-template spectrum. The morphed-
spectra are then fitted with MFICA-derived components to reconstruct the 1260–3000 Å wavelength interval.
The morphed spectra (black), component reconstructions (red) and final BAL- and narrow-absorption-mask
(orange and purple respectively) are shown in the bottom panels. It is from such reconstructions that all
emission-line and continuum-derived parameters are calculated.
any BAL-troughs. Linear combinations of the resulting 10-components reproduce'99 per
cent of the non-BAL quasars, with (spectrum-reconstruction)/reconstruction, the average
fractional error, less than 2 per cent. Systematic deviations are greatest for quasars with
the most extreme C IV emission equivalent widths. For the purpose here, the form of the
MFICA-components is not important, the goal is simply to reproduce the quasar SEDs ac-
curately. Two further sets of components were therefore generated using '2000 spectra
with C IV EW>40 Å (7 components5) and'2000 more with C IV EW< 20 Å (10 components)
specifically to allow more accurate reconstructions of spectra with extreme emission-line
properties. Each quasar with weak or strong C IV EW – measured from an initial reconstruc-
5The number of components required is fewer than that for the initial set because of the reduced dynamic
range in SED-properties.
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tion using the standard set of components – is fitted with the corresponding extreme-C IV
components and from the standard and the extreme reconstructions, the best is chosen
based on a χ2 measurement.
2.4.3 Fitting the whole quasar sample
The routine for fitting the MFICA components utilises the Python package LMFIT (Newville
et al., 2014) for non-linear least squares minimisation using the Levenberg-Marquardt al-
gorithm with priors (L-BFGS-B). The priors adopted for the component weights are based
on the strong correlation between the morphology of the C III]-complex and that of the
C IV line (see Appendix A for details). Reconstruction of the intrinsic C IV emission when
much of it has been absorbed or masked is greatly improved by the use of the priors on the
component weights (see discussion below). Figure 2.4 illustrates the full fitting procedure.
In addition to the shape morphing and masking of the narrow absorption lines (NALs),
in order to successfully fit BAL quasars with the MFICA components, it is crucial that the
wavelength regions of the spectra that are affected by BAL troughs are masked. For HiBALs,
these are regions blueward of 1400 Å for Si IV+O IV and 1549 Å for C IV. Troughs differ greatly
in velocity width and position (up to thousands of km s−1) across BAL quasar spectra and
to avoid masking more or less of each spectrum than necessary an optimal mask for each
spectrum was defined in a similar manner to Allen et al. (2011). The routine also takes into
account absorption redward of the BAL regions presented above resulting from errors in
redshift. The steps applied to the morphed spectra, with flux Fλ and noiseσ, are as follows:
1. The initial mask covers regions of the spectra just blueward of the peak of the emis-
sion lines where troughs are likely to appear: 1295–1400 Å for Si IV+O IV, 1430–1546 Å
for C IV and 1780–1880 Å for Al III.
2. The components are then fitted to the unmasked parts of the spectrum.
3. A new mask is created by considering every pixel in turn. For pixel cpix, if the major-
ity of the pixels in [cpix−30,cpix+30] have (reconstruction− spectrum Fλ)>Nσ then
pixel cpix is masked. Initially, N = 2.
4. Once the pixels have been identified, an extra 10 pixels (∼4 Å at 1549 Å) are masked
blueward and redward of each of the masked regions.
5. The BAL troughs associated with the Si IV+O IVλ1400 emission are weaker than those
associated with C IVλ1549. For much of the quasar redshift range the troughs lie at
wavelengths where the spectrum S/N is lower and the masking algorithm is not al-
ways fully effective. To ensure absorption associated with Si IV+O IV is masked effec-
tively, the masked region from C IV in velocity-space is applied to the Si IV region, in
addition to pixels masked in the iterative process.
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Steps 2 through 4 are repeated until the mask converges, normally after two or three iter-
ations. When there is no mask convergence after 10 iterations, the process is started from
scratch at step 1 with N =N + 0.25 up to N = 4, at which point the spectrum is flagged as
not having converged.
In order to quantify our ability to accurately reconstruct the BAL quasar spectra we per-
formed tests using 7000 non-BAL spectra covering the full observed-range in C IV emission
properties. In detail, we masked portions of the non-BAL quasar spectra across wavelength
ranges where BAL troughs appear in the BAL quasar spectra matched in C IV emission prop-
erties and S/N and then reconstruct the spectra. To quantify the differences between the
spectra and the reconstructions we measure the cumulative difference in the C IV line be-







When fitted without masking, 97 per cent of the 7000 non-BAL quasar spectra had
f (EW) < 10 per cent and a median f (EW) of only 2 per cent. The investigation confirmed
the importance of employing priors on the component weights (see Appendix A). Unsur-
prisingly, when the reconstructions are relatively poorly constrained, due to extended
masked regions or low spectrum S/N, the use of priors for the component weights is essen-
tial. f (EW) is anti-correlated with S/N but only rises to a median of 6 per cent for S/N' 5.
When the spectra were masked to simulate BAL quasars but the priors were not imple-
mented, only 78 per cent of the sample had f (EW) < 10 per cent even though the median
f (EW) increased to only 4 per cent. Upon employing the priors to fit the masked non-BAL
quasar spectra, the percentage of spectra with f (EW)< 10 per cent increased to 85 per cent
and maintained a low median f (EW) of 4 per cent. Statistically, the average gain of using
the priors appears small for the sample as a whole. However, for the relatively small frac-
tion of spectra with extended masks (corresponding to quasars with large BI values) the
reconstructions improve significantly. For the actual BAL-spectra, in the iterative process
of fitting the components and defining the mask, the component weight priors prevents a
bias towards narrower BAL masks and the presence of ‘dips’ in the reconstructions where
the troughs are present.
The use of priors derived from the properties of the C III]-complex emission is predi-
cated on the assumption that the relationship between the C IV emission properties and
the C III]-complex emission is the same for both BAL and non-BAL quasar populations.
While, by definition, it is not possible to test the assumption directly for individual BAL-
quasars it is possible to perform a powerful test for the BAL-population as a whole. The
results, presented in Appendix B, demonstrate that the assumption regarding the similari-
ties of emission-line properties for the BAL and non-BAL quasar populations is true to very
high accuracy.
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Figure 2.5: Reduced-χ2 distributions for the non-BAL (blue), AI (orange) and BI quasars (red). See Section 2.5
for a description of the various BAL definitions. The vertical dashed lines mark the median values for each
sub-sample.
Visual inspection of the sparsely occupied regions at the extremes of the C IV emission
EW vs blueshift space (Section 3.2), specifically at i) large negative C IV emission blueshift
(<-1200 km s−1), ii) small C IV EW (EW < 10 Å) and iii) the region at the bottom-left of the
C IV emission space, with relatively high negative C IV emission blueshift and low C IV EW
(log10(C IV EW) < −2.3077× 10−4 ×C IV blueshift+ 1.3231) reveal a number of intrinsically
pathological quasar spectra and some reconstructions that are clearly sub-optimal. The
number of spectra in all three regions is small: 3027 spectra or 2 per cent of the quasar
sample. 2283 of the spectra removed in this way are classed as non-BAL quasars by the
trough parameterisation code (see Section 2.5) but upon visual inspection include a sig-
nificant fraction of LoBAL and FeLoBAL objects and their classification (and large, nega-
tive blueshift) is often due to insufficient masking. Spectra in these regions are, therefore,
excluded from subsequent analysis. A further 189 spectra were excluded because the re-
construction scheme failed to converge due to poor morphing or the reconstructions had
reduced-χ2 > 2. The excluded spectra were distributed evenly across C IV emission space.
The distribution of reduced-χ2 values for the spectrum reconstructions in our sample
is presented inf Fig. 2.5 for the BAL and non-BAL quasars. The median reduced-χ2 of the
non-BAL spectra is 0.89 while for the BAL quasars, divided into AI and BI sub-samples (see
Section 2.5) is 0.90 and 0.94, respectively. The covariance between neighbouring pixels in
the SDSS spectra reduces the degrees of freedom and we have not accounted for this in our
calculation of the reduced-χ2 such that the distributions in Fig. 2.5 all peak below unity.
The exclusion of reconstructions with reduced-χ2 > 2 was chosen by visually inspecting
the reconstructions.
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For the remaining 140 448 quasars, each spectrum has the same overall spectral shape
and a continuum plus emission line reconstruction is available. An associated mask array
contains the wavelengths of pixels where absorption has been identified. Quantification
of the absorber properties and the definition of sub-samples of BAL-quasar spectra is now
possible.
2.5 Defining the BAL quasar population
The classical definition of a BAL quasar is a quasar with non-zero balnicity index (BI) as










with C = 1 when f (V )< 0.9 continuously for at least 2000 km s−1, otherwise C = 0.
Hall et al. (2002), seeking a measure to incorporate a more liberal definition of ‘absorp-
tion’, introduced the absorption index (AI) to include absorption closer to the systemic red-










C dV . (2.3)
Figure 2.6 illustrates the BI and AI calculations for an example spectrum with two BI
troughs (1 and 2) and a third AI-only trough. The third trough is wider than 2000 km s−1 but
not all of this absorption exists above the minimum 3000 km s−1 velocity to satisfy the BI
conditions.
The DR14Q catalogue contains measurements of BI but the updated redshifts used in
this investigation as well as our own reconstructions mean some spectra change classifica-
tion based on the BI and AI values. We remeasured the BI and AI using Python code writ-
ten by Rogerson (2019) with minor modifications, allowing us to use our reconstructions
to produce the normalised spectra, f (V ), in Equations 2.2 and 2.3. Each pixel in the nor-
malised spectra has a value calculated using the inverse-variance weighted flux within a
five-pixel window, thereby reducing the effect of single-pixel noise spikes. The code also
calculates a variety of individual absorption trough measurements including minimum
and maximum ejection velocities and trough depth. Discussion of the additional trough
measurements is included in Section 3.2.4.
We compare our BI values with those in the DR14Q catalogue in Fig. 2.7. The redshift
changes have primarily affected narrow troughs near to the minimum (3000 km s−1) and
maximum (25 000 km s−1) velocity boundaries used for the BI measurements; more or less
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Figure 2.6: Example BAL quasar spectrum and reconstruction (top panel) alongside the normalised spectrum
(bottom panel) in velocity space, inverse-variance weighted with a window of five pixels. The grey, dotted ver-
tical lines mark the minimum and maximum velocities considered in the calculation of BI. The dashed, grey
line at zero velocity marks the laboratory wavelength of C IV from which the AI measurement is calculated.
Troughs 1 and 2 (purple and blue, respectively) have BI (also AI) = 4500 and 1200 km s−1 with both troughs
below 0.9 contiguously for over 2000 km s−1 (10 800 and 4140 km s−1 wide, respectively). The third trough sat-
isfies the AI conditions (AI = 1100 km s−1) but not BI due to only 1960 km s−1 of the trough width occurring
above 3000 km s−1, although significant absorption at velocities below 3000 km s−1exists with a total trough
width of 2900 km s−1.
of the absorption is shifted into the BI velocity-window. In particular, if the C IV emission
is considered when calculating the redshifts of BAL quasars with abrupt onset of absorp-
tion in the blue half of the line, these quasars can have systematically higher redshifts in
SDSS. Our statistically lower redshifts lead to less of the absorption appearing at velocities
> 3000 km s−1 and we can calculate lower or even zero BI.
Differences in the continuum level of the component reconstructions can also result in
classification switches. Here, changes result as the contribution of absorption to the BI cal-
culation depends sensitively to the absorption-depth threshold, f (V ) < 0.9 continuously
for 2000 km s−1. In Fig. 2.8 we illustrate these effects by considering the 2359 spectra for
which DR14Q listed zero BI whereas we measure BI>0. As a result, using the BI-definition
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Figure 2.7: Comparison of the BIDR14Q values with our BI values. Top: counts of BIDR14Q and BI and AI calcu-
lated for this investigation. Bottom: ∆BI=BI−BIDR14Q. For visualisation purposes, we have removed BI=0 or
AI=0 quasars from each of the histograms. In this work, the calculated BI values are, on average, 700 km s−1
larger than those in DR14Q. Below 1000 km s−1, there is a decrease in the number of BI-defined BAL quasars
according to our measurements and compared to the DR14Q values, which we believe is a result of changes
in redshift. Above 1000 km s−1 there are more BI-defined quasars due to higher continua in our spectrum
reconstructions.
we gain 1503 BAL quasars while the 2359 objects in Fig. 2.8 become non-BAL quasars.6
We are also able to compare the AI measurements to those in DR12Q BAL catalogue
(Pâris et al., 2017). Trump et al. (2006) define the reduced-χ2 for each AI trough in order to









where N is the number of pixels in the trough. We adopt the requirement for χ2trough ≥ 10
6While we are confident regarding the use of improved redshifts and reconstructions, none of the results pre-
sented in the next section depend on the exact definition of the BAL-quasar sample.
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Figure 2.8: Our BI values against our calculations of the minimum ejection velocity with points coloured by
trough depth for the 2359 spectra with BI>0 but zero BIDR14Q. Most of these spectra have minimum velocities
close to the 3000 km s−1 cut-off where redshift differences are responsible. The spectra with large Vmin have
shallow troughs and changes in reconstruction due to continuum reconstructions dominate.
as Trump et al. (2006) suggest and Pâris et al. (2017) implement. Differences in the sample
of DR12Q AI-defined objects and our sample arise from the changes in redshift and con-
tinuum level as for the BI-defined samples. In addition, for the spectra included in DR12Q,
our AI-defined sample includes a significantly larger number of quasars. We believe the
difference is the result of Pâris et al. (2017) presenting the AI measurements only for spec-
tra flagged as BAL-quasars through visual inspection. The interpretation is supported by
Pâris et al. (2017) noting that they have an additional '27 000 spectra with non-zero AI not
reported in the DR12Q BAL catalogue, which itself contains just'22 000 quasars with AI>0.
We exclude 1668 LoBAL quasars from our sample (in addition to those in outlying re-
gions of C IV emission space), defined by a positive BI0 of Al III troughs where BI0 is a mod-
ified balnicity index where the integral in Equation 2.2 starts at 0 km s−1. An additional
18 FeLoBAL quasars are also removed from the sample by means of the BAL mask (Sec-
tion 2.4.3): spectra with more than one third of pixels redward of C IV masked are flagged as
potential FeLoBAL quasars. The final sample of quasars thus numbers 138 762, with 73 806
of those defined as non-BAL quasars, 14 887 classically-defined BAL quasars (positive BI)
and a further 50 069 with positive AI but a BI of zero.
2.5.1 Two AI populations
Upon plotting the distribution of AI in log space (Fig. 2.9), we observe two populations not
unlike Knigge et al. (2008, see their fig. 1), although note that those authors adopt the AI
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Figure 2.9: AI and BI distribution for quasars with AI>0 (black). The x-axis is the BI or AI measurement de-
scribed in Equations 2.2 and 2.3. The AI population is divided into quasars with zero BI (blue; left column
of Fig. 3.9 where we discuss the trough parameters) and non-zero BI (orange; middle column of Fig. 3.9).
The form of the AI-distribution suggests strongly that two populations of absorbers contribute. The BI dis-
tribution for quasars with BI>0 is also plotted (red, hatched; right column of Fig. 3.9) which overlaps with the
AI(BI>0) population since many of the same spectra appear in both populations. The AI(BI>0) distribution
is shifted to the right with respect to the BI distribution due to the inclusion of absorption below 3000 km s−1.
prescription of Trump et al. (2006) which includes only absorption wider than 1000 km s−1
and extends the 25 000 km s−1 maximum velocity to 29 000 km s−1. The large-AI popula-
tion of quasars is dominated by spectra with positive BI (AI(BI>0); e.g., troughs 1 and 2 in
Fig. 2.6) whereas the classically-defined non-BAL quasars dominate the low-AI population
(AI(BI=0)). The distribution of BI and AI(BI>0) overlap since many of the spectra, thus with
the same trough measurements, appear in both samples. The shift of the AI(BI>0) toward
larger values as compared to the BI values is a result of the minimum velocity cut-off on
the BI. The number of quasars in the AI(BI>0) population is also lower than the number in
the BI population due to the χ2trough > 10 requirement of the AI troughs. The properties of
the AI(BI=0) and AI(BI>0) samples are discussed later in Section 3.2.4.
2.6 Conclusions
Using mean-field independent component analysis, we have successfully reconstructed
the ultraviolet spectra of both high-ionisation BAL and non-BAL quasars from the SDSS
DR14 quasar catalogue with redshifts 1.56≤ z ≤ 3.5 and S/N≥ 5;'144 000 quasar spectra in
total (Fig. 2.1). Using our reconstructions and employing improved redshifts (Fig. 2.3), we
have redefined the BAL quasar population (Fig. 2.7) and found evidence for two AI-defined
populations, in agreement with Knigge et al. (2008): BI=0 and BI>0 quasars (Fig. 2.9).
The spectrum reconstructions and BAL classifications are critical for the investigations
presented in the remaining chapters of this thesis.
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Chapter 3
BAL and Non-BAL Quasars
Summary
Using the quasar spectrum reconstructions introduced in the previous Chapter we inves-
tigate the outflow properties, evident both in absorption and emission, of high-ionisation
BAL and non-BAL quasars. The reconstructions allow the kinematic properties of the
C IVλ1549 emission line to be compared directly for both non-BAL and BAL quasars. C IV
emission blueshift and equivalent-width (EW) measurements are thus available for both
populations. Comparisons of the emission-line and BAL trough properties reveal strong
systematic correlations between the emission and absorption properties. The dependence
of quantitative outflow indicators on physical properties such as quasar luminosity and
luminosity relative to Eddington-luminosity are also shown to be essentially identical for
the BAL and non-BAL populations. There is an absence of BALs in quasars with the hard-
est spectral energy distributions (SEDs), identified by the presence of strong He IIλ1640
emission, large C IVλ1549-emission EW and no measurable blueshift. In the remainder of
the C IV emission blueshift versus EW space, BAL and non-BAL quasars are present at all
locations; for every BAL quasar it is possible to identify non-BAL quasars with the same
emission-line outflow properties and SED-hardness. The co-location of BAL and non-BAL
quasars as a function of emission-line outflow and physical properties is the key result of
our investigation, demonstrating that (high-ionisation) BALs and non-BALs represent dif-
ferent views of the same underlying quasar population.
This Chapter is based on the article:
A. L. Rankine, P. C. Hewett, M. Banerji, G. T. Richards
BAL and non-BAL quasars: continuum, emission and absorption properties establish a common parent sam-
ple
MNRAS, Volume 492, Issue 3, March 2020, Pages 4553–4575
All work presented in this Chapter is my own, completed with guidance and support from my co-authors.
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3.1 Introduction
Following an original observation by Gaskell (1982), over the past decade increasing at-
tention has been devoted to quantifying the outflow signatures evident from the high-
ionisation emission lines in the ultraviolet (e.g., Sulentic et al., 2000; Leighly, 2004; Richards
et al., 2011) – particularly the blueshifting of the prominent C IVλ1549 emission.
In a number of models the properties of outflowing material are orientation dependent,
e.g., relative to the black-hole spin axis, and the probability a quasar is observed to possess
BAL features depends on viewing angle. There is, however, still no agreement on whether
BALs do arise as the result of viewing angle or represent a particular phase in the fuelling-
outflow cycle, with the wind potentially clearing the absorbing gas from the galaxy as the
quasar transitions to a non-BAL quasar.
The focus of this Chapter are the far more common HiBAL objects amongst the BAL
quasar population and we exclude consideration of the much smaller fractions of LoBAL
and FeLoBAL quasars. Careful comparisons of the emission-line properties of HiBAL and
non-BAL quasars have been undertaken (e.g., Weymann et al., 1991; Reichard et al., 2003;
Baskin et al., 2013, 2015). Results of such investigations have shown that, in general, the UV
and optical SEDs, unaffected by the presence of BAL troughs, of BAL and non-BAL quasar
populations are very similar. Relatively weak emission features, however, which are di-
agnostics of the far-UV ionising spectrum, such as He IIλ1640, have been found to show
systematic differences between the populations (Baskin et al., 2013). To date, the strong
absorption present in BAL quasars has precluded a direct comparison of the kinematic
properties of high-ionisation ultraviolet emission lines, such as C IVλ1549, in the BAL and
non-BAL quasar populations. As a consequence, investigations of the outflow properties
of luminous quasars have been confined to evidence from either absorber- or emission-
properties.
The key aim of this Chapter is to provide the first direct comparison of the underlying
ultraviolet spectral energy distributions (SEDs) of BAL and non-BAL quasars and thus to
investigate outflow properties using both absorber and emission diagnostics. The ultimate
goal is to use the relationships between the absorption- and emission-outflow properties
to constrain the geometry and physical parameters of a disc wind or other models. In this
Chapter, however, we concentrate on presenting the observational results for a large sam-
ple of BAL and non-BAL quasars.
With the SDSS spectrum reconstructions described in Chapter 2 and having defined the
BAL – both AI and BI – and non-BAL quasar populations we perform an investigation into
the rest-frame UV properties of the populations and investigate the relationship between
the C IV emission outflow signature and the properties of the BAL troughs.
A comparison of the C IV emission space for the BAL and non-BAL quasars, and various
other quasar properties are presented in Sections 3.2.1 to 3.2.3. Correlations between the
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BAL trough parameters and the C IV emission profile are described in Section 3.2.4 before
a short discussion of the implications in Section 3.3. An overview of the main conclusions
is included in Section 3.4.
3.2 Results
3.2.1 C IV emission line profile
From the component reconstructions, we can parameterise the C IV emission of both the
BAL and non-BAL quasars via a non-parametric approach similar to that of Coatman et al.
(2016, 2017). A power-law continuum f (λ) ∝ λ−α is fitted to the reconstruction using
the median values of Fλ in the two wavelength regions 1445–1465 Å and 1700–1705 Å. The
model continuum is subtracted from the spectrum in the window 1500–1600Å and the
emission-line flux computed over the same wavelength interval.1 The wavelength which
bisects the cumulative total line flux, λhalf, is determined and converted to a velocity to
obtain the blueshift of the emission via
C IV blueshift= c × (λr −λhalf) /λr (3.1)
where c is the velocity of light and λr is the rest-frame wavelength of the emission line,
in this instance 1549.48 Å for the C IV doublet. Positive values correspond to outflowing
material towards the observer. The equivalent width (EW) of the emission as well as the
location and value of the peak of the line are also calculated.
Figure 3.1 shows the C IV EW versus the C IV blueshift (hereafter the C IV emission space)
for the samples of non-BAL and BAL quasars. Let us first consider the non-BAL quasar
population: consistent with Richards et al. (2011), weak lines (low EW) are often highly
blueshifted, providing strong evidence of outflows, while strong lines are close to symmet-
ric (zero blueshifts). As Richards et al. (2011) point out, however, the relationship is not
one-to-one as there are quasars with low blueshifts and low EWs. Note also that non-BAL
refers here to quasars with both AI=0 and BI=0, i.e., no absorption present. If, however, the
AI>0 quasars (still BI=0) are included, the non-BAL C IV distribution does not in fact change
significantly. Composite non-BAL quasars constructed from spectra in three regions of C IV
emission space are presented in the top panels of Fig. 3.2. In detail, a high-EW composite
is generated from spectra with C IV EWs and blueshifts of 103-116 Å and 262–787 km s−1,
respectively; a low-EW, low-blueshift composite from 23–29 Å and -262–+262 km s−1; and
a low-EW, high-blueshift composite from 23–29 Å and 2360–2890 km s−1. The spectra are
1For a small number of quasars (1157) with more than 15 per cent of the line flux blueward of the short wave-
length limit the window is extended down to 1465 Å to include the majority of the total C IV emission flux.
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Figure 3.1: C IV emission space for the sample of non-BAL quasars (blue contours/dots) and classically-
defined BAL quasars (red contours/dots). Marginalised distributions of blueshift and EW are also shown.
The faint points in the sparsely populated lower left of the figure have been excluded from the analysis (Sec-
tion 2.4.3). The two populations are distributed very similarly within the C IV emission space except at high-
EW and low blueshift where there is a notable lack of BALs at the lowest blueshifts.
smoothed using inverse-variance-weighting over a seven pixel window. The close to con-
stant pixel-by-pixel median absolute deviation (MAD), shown as the shaded regions, red-
ward of C IV is almost entirely due to the finite S/N of the spectra.2 Such composite spec-
tra, covering the full occupied region of the C IV emission space, are available to view in
an interactive plot online.3 It should be noted that the BAL and non-BAL samples are not
matched in any way, e.g., in luminosity; however, as will be discussed in Sections 3.2.2 and
3.2.3, various quasar properties are found to be strongly correlated with location in C IV
emission space and in the same fashion across the BAL and non-BAL populations.
The full spectrum reconstructions for the BAL quasar population allow a direct compar-
ison of the non-BAL and BAL quasar populations within the C IV emission space
(Fig. 3.1) and the bottom panels of Fig. 3.2 contain composite BAL quasars taken from the
same areas in the C IV emission space as the non-BAL quasar composites above. The same
2Spectrum S/N ' 6, increased by
p
7 from the smoothing. Then, with MAD = σ/1.5, the amplitude of
MAD/reconstruction is '±0.04 in Fig. 3.2.
3Available as supplementary material for Rankine et al. (2020) at MNRAS online or athttps://people.ast.
cam.ac.uk/~alr53/BALs_nonBALs/CIV_BAL_nonBAL.html


















































































































Figure 3.2: Composite spectra and reconstructions of non-BAL (top) and BAL quasars (bottom) for select re-
gions in C IV emission space. Left: high-EW and low-blueshift C IV; middle: low-EW and low-blueshift; right:
low-EW and high-blueshift C IV. The number of spectra contributing to each composite is indicated in the
top left. In the top panel of each pair, the black line is the median composite SDSS spectrum and the red is
the composite reconstruction. The grey and red shaded regions mark the pixel-by-pixel median absolute de-
viation of the spectra and reconstructions, respectively. The lower panel of each pair presents the composite
spectrum normalised by the composite reconstruction. The shaded region is the median absolute deviation
of the normalised spectra. The vertical, dashed, grey line corresponds to the rest wavelength of C IV and the
horizontal, solid grey line in the normalised BAL quasar panels marks f (V ) = 0.9, the flux below which BAL
troughs contribute to BI and AI calculations. Note that all panels containing the normalised spectra have the
same y-scale for comparison. Whilst the C IV emission profiles vary in C IV emission space by design, the BAL
troughs also vary systemically. Composite non-BAL and BAL spectra are available to view in an interactive
plot of the C IV emission space3.
C IV emission line shapes are apparent as for the non-BAL quasars. The BAL quasar com-
posites show systematically different BAL trough properties moving around the C IV emis-
sion space (see Section 3.2.4). Again, an interactive plot is available for the BAL quasars3.
The increase in the pixel-by-pixel MAD (shaded regions) within the troughs highlights the
diversity in the absorber properties at a given velocity. The diversity of troughs is partic-
ularly evident in spectra with weak and blueshifted C IV emission (lower right region of
Fig. 3.1), an observation made in an important early paper discussing BAL quasar prop-
erties by Turnshek (1988). We find that averaging over spectra possessing relatively-deep
individual troughs at different velocities results in the composites showing weak but broad
BAL troughs. The kinematics and properties of BAL troughs are explored more fully in Sec-
tion 3.2.4.
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As discussed in Section 2.3 the probability that a BAL quasar is included in the DR14
catalogue as a function of SED, magnitude and redshift is not available. The level of un-
certainty in the spectrophotometry of the DR14 quasar spectra also makes consideration
of the amount of reddening experienced by the BAL quasars far from straightforward. As
a consequence, the quantitative assessment of the intrinsic frequency of BAL quasars as a
function of their BAL trough properties and reddening is not possible (cf. Allen et al., 2011,
particularly figure 22). Nonetheless, it is instructive to review whether the observed frac-






NBAL and Nnon-BAL are the absolute number of BAL and non-BAL quasars and depend on the
measure used to select BAL quasars. Here we choose to employ the classic BI>0 definition
to give the BAL quasar sample, while the non-BALs are selected to possess both BI=0 and
AI=0. Figure 3.3 shows fBAL over the C IV emission space that includes both BAL and non-
BAL quasars. For an extended range in C IV emission EW, at constant EW, fBAL increases
as the C IV emission blueshift increases. If instead we consider the fraction of quasars with
any absorption greater than 450 km s−1 wide and below 0.95 times the continuum limit, fBAL
increasing as C IV emission blueshift increases still holds true but now there are quasars
with absorption populating the high-EW, zero-blueshift region of C IV emission space. For
the reasons discussed above, caution should be taken when interpreting the quantitative
behaviour of fBAL but the behaviour is consistent with an increased probability a quasar
with a given C IV EW is seen as a BAL as the C IV emission outflow signature increases. It
is difficult to say here whether the increase in the BAL fraction is due to more outflowing
gas along our line-of-sight or if it is a result of more momentum being imparted to the gas;
however, this empirical observation may be further consistent with the theoretical wind
model of Giustini & Proga (2019), where the probability of a quasar hosting a radiation line
driven wind increases with increasing accretion rate and BH mass.
3.2.2 C IV and other UV emission lines
The composite spectra allow us to compare the BAL quasars to the non-BAL quasars in dif-
ferent regions of C IV emission space. Figure 3.4 shows the composites in Fig. 3.2 over the
wavelength range 1260–3000 Å. The BAL and non-BAL composite reconstructions in the
top panel of Fig. 3.4 are extremely similar across the whole wavelength range. The com-
posite spectra themselves are also very similar, apart from the presence of troughs in the
BAL spectra, in agreement with Weymann et al. (1991) and Matthews et al. (2017). There
are, however, subtle differences in some of the emission lines at certain areas in C IV emis-
sion space which can only be seen when dividing the BAL spectra (reconstructions) by the
non-BAL spectra (reconstructions) as shown in the bottom panel. Note that the y-scale in
the bottom panel has been chosen to illustrate low-amplitude spectral differences.
CHAPTER 3. BAL AND NON-BAL QUASARS 35
−1000 0 1000 2000 3000 4000 5000


















0.0 0.2 0.4 0.6
fBAL
Figure 3.3: The observed fraction of quasars that are classically-defined BAL quasars as a function of the
C IV emission properties. Only bins with ten or more quasars are plotted. The grey hexagons indicate the
sparsely populated region of C IV emission space excluded from analysis. As discussed in the text, the intrinsic
fraction of BALs is not known, however, at fixed EW, the probability a quasar possesses BAL troughs increases
with increasing blueshift suggesting that the fraction of quasars with signatures of outflows in absorption
increases with increasing evidence of outflows in emission. It is true that the fraction of quasars that are
BALs, at a particular location in C IV emission space, is highest at high-EW and positive-blueshift; however,
these quasars have low BIs and the relative number of BAL quasars here is low compared to that at higher C IV
blueshifts and lower EWs, as highlighted by the marginal distributions (same as for Fig. 3.1).
Consider first the direct empirical differences evident in the BAL/non-BAL quasar spec-
trum ratios. The BAL absorption blueward of the C IV and Si IV emission is most evident as
expected. All three composites also show a systematic difference in Mg IIλ2800 emission
with the BAL possessing weaker emission, although the reduction is small. The difference
has been seen in other investigations (see figure 8 in Baskin et al., 2015, for example) but is
particularly evident here. Otherwise, the two composites drawn from the lower C IV EW re-
gions show no spectral differences greater than '2 per cent shortward of the C IV emission
line.
The composite from the high C IV EW and low C IV blueshift region does, however, pos-
sess features coincident with wavelengths of prominent emission lines: peaks are present
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Figure 3.4: Composite spectra and reconstructions of the quasars in and surrounding the three EW and
blueshift regions used to produce Fig. 3.2 (top panel). The size of the areas in EW and blueshift have been ex-
tended to increase the number of quasars contributing to each composite. The BAL quasars follow the colours
in the legend whilst the non-BAL quasars are plotted in black. The composite BAL (dot-dashed, coloured
lines) and non-BAL (dot-dashed, black lines) quasar spectra are also plotted. Almost identical composites
and reconstructions, such that the dot-dashed spectra are hardly visible underneath the reconstructions,
mean the reconstructions are capturing the pertinent features in the spectra. The high-EW, low-blueshift
composites have been shifted up by 1.5 and the low-EW, low-blueshift composite shifted up by 3 for pre-
sentation purposes. The bottom panel contains the BAL quasar composite spectra (reconstructions) divided
by the non-BAL quasar composite spectra (reconstructions) in black (legend colours). Note that the y-scale
has been chosen to emphasise even small differences between spectra (reconstructions). The high-EW com-
posite and low-EW, low-blueshift composite have been shifted up by 0.6 and 0.3, respectively. Identical BAL
and non-BAL quasar composite spectra (reconstructions) would produce divided spectra (reconstructions)
of unity.
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in the BAL/non-BAL quasar spectrum ratio at O I+Si II, Si IV, C IV, He II, [O III] and C III].
The location of quasars within the C IV emission space means that the C IV EWs are the
same and care has been taken to ensure that both the distributions of C IV EW and blueshift
contributing to the non-BAL and BAL composites are carefully matched in order to take
account of the differing distributions of BAL and non-BAL quasars in the top-left of C IV
emission space (see Fig. 3.1, and Appendix B for a discussion regarding the claim that there
are few BAL quasars at the highest C IV EWs). For each BAL quasar contributing to the high-
EW composite, the non-BAL quasar with the most similar C IV properties was selected to
contribute to the non-BAL composite. The peak differences in emission-line strength are
not large, a maximum of 10 per cent, but are highly significant. Inspection of the ratio spec-
trum reveals systematic reductions in the BAL spectrum to the blue and red of several of the
emission-line core excesses. The BAL quasar emission lines are narrower, in FWHM, than
those of the non-BAL quasars by '14 per cent. The origin of the emission-line differences
are therefore due to the BAL spectra possessing slightly narrower emission-line profiles
than the non-BAL spectra, potentially due to the BAL quasars with high C IV EWs being
viewed more face-on than their non-BAL counterparts. Alternatively, these BAL quasars
may have smaller black hole masses. As far as we are aware the observation represents a
new result. In the low-EW, high-blueshift composites, the converse is true but with less
significance: the BAL quasar C IV emission lines are wider in FWHM by '7 per cent.
Moving to the BAL/non-BAL reconstruction ratio spectra, the effectiveness of the re-
construction scheme can be assessed via comparison with the features evident in the
BAL/non-BAL spectrum ratios, in particular the differences in emission lines between the
two populations. If the reconstructions were perfect the ratio spectra would essentially
mimic the features seen in the spectrum ratios, other than at wavelengths affected by BAL
troughs. Such is very definitely not the case across the Mg IIλ2800 line. The reason, how-
ever, is due to the Baldwin effect, i.e., the anti-correlation between emission line EW and lu-
minosity (Baldwin, 1977), which we have chosen not to remove. In more detail, the MFICA
components were generated using quasars at z = 2.0− 2.3 (Section 2.4.3), thereby defin-
ing the relative emission-line strengths for the ultraviolet and Mg II lines. The quasars with
the wavelength coverage of Mg II emission that contribute to the composites in Fig. 3.4,
however, have a significantly lower mean redshift, hence lower luminosity and thus higher
emission-line EWs. The reconstruction emission-line strength for each quasar is domi-
nated by the C IV emission and other lines in the far ultraviolet.
The Baldwin-effect induced mismatch to the Mg II emission aside the reconstruction-
ratio spectra follow the spectrum ratios very closely. Away from the Si IV and C IV BAL
troughs the reconstructions are within 2 per cent of the actual composite spectra. The re-
production of the individual emission-excesses for the BAL quasars in the top composite
is striking. The similarities between the composite ratio spectra and the composite ratio
reconstructions for all three regions in the C IV emission space highlight the quality of our
reconstruction scheme.
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Figure 3.5: C IV emission space with hexagons coloured by median He II EW for the non-BAL quasars (left),
AI-defined quasars (middle; black histogram in Fig. 2.9) and BI-defined BAL quasars (right; red, hatched his-
togram in Fig. 2.9). Only hexagons with ≥ 5 quasars are plotted. The spectra in the lower left of C IV emission
space that were excluded and previously plotted as grey hexagons (Fig. 3.3) are not plotted here. The lower
C IV coverage in the BI-sample is a result of fewer quasars in this population. The He II-EW distributions are
extremely similar in all three populations.
High He II EW is indicative of a stronger soft X-ray spectrum (Leighly, 2004). Baskin
et al. (2013, 2015) noted the decrease in He IIλ1640 strength with increasing C IV blueshift
by means of BAL and non-BAL quasar composites. With our reconstructions, we have been
able to consider the relationship between the C IV and He II on an object-by-object basis.
We calculate the He IIλ1640 EW between 1620 and 1650 Å (identical to Baskin et al., 2013)
following the same procedure as for the C IV doublet but using the windows 1610–1620 Å
and 1700-1705 Å for the power-law estimation. Our observations are in agreement with
Baskin et al. (2013, 2015) and the hypothesis that disc winds form only when the ionising
quasar SED is soft enough that electrons remain bound to nuclei and radiation line-driving
contributes to the acceleration of material. The dependence of He II EW as a function of
location in C IV emission space confirms the anti-correlation between the hardness of the
ionising SED and the strength of outflows seen in both absorption and emission. A new
result is the demonstration that the systematic He II EW trends for the non-BAL, AI- and
BI-defined BAL quasar populations (Fig. 3.5) are close to identical.
3.2.3 Black hole mass and luminosities
The bolometric luminosity, Lbol, has been calculated from the monochromatic luminosity
at 3000 Å or at 1350 Å4 for spectra where 3000 Å is not present, using the bolometric correc-
tions BC3000 = 5.15 and BC1350 = 3.81 from Shen et al. (2011). Lbol is displayed in Fig. 3.6 as
4Spectrophotometric variations in the DR14 spectra contribute a ±10 per cent uncertainty to the luminosity
measurements but the factor is small relative to the dynamic range present in the quasar sample.
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Figure 3.6: As for Fig. 3.5 with hexagons occupied by five or more quasars coloured by median Lbol. Similar
systemic trends within the C IV emission space are present in all three populations.
a function of location in C IV emission space for the non-BAL, AI- and BI-defined quasar
populations. In agreement with the Baldwin Effect (Baldwin, 1977), albeit over a smaller
dynamic range of luminosity, there is an anti-correlation between Lbol and C IV EW at fixed
blueshift. Lbol also increases towards the high-blueshift end of the C IV emission space in
all three of the populations. The three populations have very similar luminosities (median
log10(Lbol)=45.9, 46.0 and 46.0 for the non-BAL, AI and BI quasars respectively).
Consideration of the intrinsic luminosities of the populations would require accurate
extinction estimates for the quasars which are not available. It is, however, likely that the
quasars with absorbers possess modest E (B −V ) values (see Allen et al., 2011, section 8.5).
Adopting an average E (B −V ) = 0.05 for BAL quasars (from Allen et al., 2011), BAL quasars
are predicted to appear 25 per cent fainter at 3000 Å and 46 per cent fainter at 1350 Å. The
reference-wavelength transition occurring at z ' 2.3 when 3000 Å rest-frame moves be-
yond the red limit of the SDSS spectra. The intrinsic luminosities of the BAL quasar sam-
ples should thus be larger by '0.12 (z ≤ 2.3) and 0.27 (z ≥ 2.3) in log10(Lbol). The factors
are modest relative to the dynamic range in luminosity present in the quasar samples and
should not affect the trends within the C IV emission space. Again, the systematic trends
within the C IV emission space for all three populations closely mimic each other.
Only C IVλ1549-emission is present in all the quasar spectra, thus we derive black hole












where the FWHM of the C IV line is measured non-parametrically from the reconstructions.
We employ the correction of Coatman et al. (2017, their equation 6 and reproduced here
in Equation 3.4) to obtain the corrected FWHM (FWHMc) to account for the excess, non-
40 CHAPTER 3. BAL AND NON-BAL QUASARS
0 2000 4000



































0.050 0.075 0.100 0.125 0.150 0.175 0.200 0.225
Eddington Ratio
Figure 3.7: As for Fig. 3.5 with hexagons occupied by five or more quasars coloured by median Eddington
ratio. We only plot the Eddington ratio for spectra with C IV blueshift > 500 km s−1 for which we correct the
black hole masses using Coatman et al. (2017). The Eddington ratio increases with C IV blueshift for all three
populations but is slightly lower at fixed C IV parameters for the non-BAL population compared to the AI-
and BI-defined samples (see also Fig. 3.6).








and we use the C IV blueshifts described in Section 3.2.1. The Coatman et al. (2017) cor-
rection is not well-defined for modest positive blueshifts or negative blueshifts of any size.
As a consequence, the mass-correction has not been applied where the C IV blueshift <
500 km s−1. The authors also note that the largest uncertainty in the black hole mass esti-
mates stems from the determination of the quasar redshift and thus the blueshift. In the
most pessimistic scenario, taking the maximum differences in redshifts as compared to
SDSS as 1000 km s−1 for a quasar with a blueshift of 1000 km s−1, leads to a change in the
black hole mass by 79 per cent (see table 4 of Coatman et al., 2017) if we were to instead
use the SDSS pipeline redshifts. However, this 79 per cent error would affect only a maxi-
mum of 7 per cent of our quasar sample given the distributions in C IV blueshift and redshift
changes.
From the black hole mass estimates we compute the Eddington luminosity, LEdd, and
thus the Eddington ratio using Lbol from above, which we present as a function of C IV emis-
sion space in Fig. 3.7. Since the Eddington ratio depends on the Eddington luminosity
which, in turn, depends on the black hole mass, we have only plotted the Eddington ratio
for spectra with C IV blueshift > 500 km s−1. The Eddington ratios of the non-BAL, AI- and
BI-defined quasars are similarly distributed in C IV emission space, indicating that quasars
with evidence for the strongest outflowing winds based on their emission-line properties
have the highest L/LEdd.
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Figure 3.8: As for Fig. 2.6 but now with only the BI troughs shaded for clarity. The measured trough parame-
ters for this spectrum are marked in the lower panel (see Table 3.1 for descriptions of each parameter).
3.2.4 BAL trough parameters
In Fig. 3.2 and the interactive plot3, we see the systematic trend in BAL trough proper-
ties with location in C IV emission space. Strong and symmetric C IV is often accompanied
by relatively narrow and deep troughs while spectra with weak- and blueshifted-emission
have broader and more diverse troughs. To investigate any systematic relationships be-
tween absorber-trough and emission-line properties, various trough parameters are mea-
sured. Each trough is defined as a region where the BI (or AI) conditions are met. Table 3.1
lists the parameters and they are illustrated using an example spectrum in Fig. 3.8. Where
spectra have multiple troughs, the parameters pertaining to individual trough measure-
ments are reported as follows: we report the minimum Vmin (i.e., the lowest velocity for
which there is broad absorption); the maximum Vmax (i.e., the highest velocity for which
there is broad absorption); the deepest trough Fdepth measurement and the accompanying
VF depth, and the widest trough Vwidth.
In Fig. 3.9 we present the AI and BI trough parameters as a function of location in C IV
emission space. Considering the two populations of AI>0 quasars (Fig. 2.9), we split the AI
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Table 3.1: BAL trough parameters. All parameters with the subscript 450 pertain to troughs wider than
450 km s−1 (e.g., N450). Matching parameters also exist, with the subscript 2000, for troughs wider than
2000 km s−1, e.g., N2000.
Name Unit Description
BI km s−1 Balnicity index (Equation 2.2)
AI km s−1 Absorption index (Equation 2.3)
N450 Number of troughs
Vmin,450 km s
−1 Minimum velocity of trough
Vmax,450 km s
−1 Maximum velocity of trough
∆V450 km s
−1 Range of velocities with absorption
Vwidth,450 km s
−1 Width of trough
Fdepth,450 Normalised flux units Trough depth
VF depth,450 km s
−1 Velocity of deepest part of trough
trough parameters into the two populations: AI troughs in spectra with BI=0 (AI(BI=0)),
left panels; blue histogram of Fig. 2.9), and AI parameters for spectra with BI>0 (AI(BI>0)),
middle panels; orange histogram of Fig. 2.9). The right-hand panels contain the BI trough
parameters. By definition, almost all of the spectra with BI>0 have AI>0 and so appear in
the middle and right panels.5 The extent in velocity of the absorption troughs therefore
increases systematically moving from left to right in Fig. 3.9.
From first glance at Fig. 3.9, the AI(BI=0) and AI(BI>0) trough systematics differ, while
the latter are almost identical to the BI trough systematics, reinforcing the evidence for the
existence of two AI populations described by Knigge et al. (2008) and presented in Fig. 2.9.
For spectra in the middle panels with only one AI trough, the AI trough parameters are
identical to the BI trough parameters in the right panels except where Vmin,450 < 3000 km s
−1.
It is also possible for there to be more than one AI trough per spectrum in the middle panels;
however, only one of these AI troughs has to satisfy the BI conditions for the object to be
included in the right panels, thus the AI and BI trough parameters will differ. Approximately
54 per cent of the spectra in the middle panel have more than one trough.
In the top row of panels we see the dependence of absorption-outflow strength within
the C IV emission space, via the AI and BI measures. Clear differences exist between the
AI(BI=0) and the BI troughs. While the BI troughs become stronger with increasing C IV
emission blueshift, the AI(BI=0) troughs show this same trend at fixed high-EW but at low-
EW the AI measures decreases for large C IV blueshifts.
The left panel of the second row, showing the dependence of trough depth explains
the AI(BI=0) behaviour in the top row – i.e., at log10(C IV EW) ® 1.6 the troughs become
shallower as C IV blueshift increases thus AI also decreases (Equation 2.3). The opposite is
5There is, however, a small fraction of the BI troughs ('4 per cent) that have AI=0 due to χ2trough < 10 while
there is no χ2trough requirement for the BI troughs.
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Figure 3.9: The AI- and/or BI-defined quasar populations binned in C IV emission profile space where each
hexagonal bin is coloured by trough parameters outlined in Table 3.1. Left panels: AI trough parameters
for spectra with BI=0; middle: AI trough parameters for spectra with BI>0; right: BI trough parameters for
classically-defined BAL quasars. The quasars have been binned in C IV emission space and the median trough
parameter in each bin plotted on the colour axis, for bins with at least five quasars. The number of spectra
contributing to each panel is noted in the top right of every panel; each row has the same number of spectra.
From top to bottom, AI or BI, Fdepth and VF depth. The figure continues overleaf with Vmin, Vmax,∆V and Vwidth.
The dot-dashed lines in the lower right panel locate the boundaries in C IV emission space used to produce
the absorber-restframe composites in Fig. 3.10. The structure of both the AI- and BI-defined troughs vary
systematically, but differently, in C IV emission space.
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true at high C IV EW. If there is any such systematic present for the BI-defined troughs it
is far less significant, in contrast to what is seen in the composite troughs in Fig. 3.2. The
weakening of the troughs in the composite spectra is a result of averaging out the individual
troughs which are more diverse in velocity structure at higher C IV blueshift and lower EW.
The comparable depths of the troughs is clear in Fig. 3.10 which shows absorber-restframe
composites of the BI-defined BAL spectra in different regions of C IV emission space. Baskin
et al. (2015) presented similar absorber-frame composites and found trough depth not to
be correlated with He II-EW (see their fig. 7), in agreement with what we present here in
C IV emission space.
The trends evident in the third, fourth and fifth rows, all showing measures of the ab-
sorber trough velocities are however far more similar. For both AI- and BI-defined troughs
the minimum and maximum velocities where absorption is present and the velocity of
maximum absorption-depth all show strong systematics as a function of C IV blueshift. As
the strength of the emission-outflow signature increases, the velocities of the absorbers in-
crease. Very few objects have VF depth at very large velocities (even at high C IV blueshift) –
i.e., the deepest part of each trough often occurs in the lower-velocity half of the trough
– and this can also be seen in Fig. 3.10. Hamann et al. (2019, see their fig. 4) observed
these skewed absorption profiles in composites binned by BI. For both AI- and BI-defined
samples, the highest-velocity troughs are in quasars with the highest Eddington ratio as
observed in Fig. 3.7.
The sixth and seventh row, examining the behaviour of the velocity-extent (∆V ) and
-width (Vwidth) of all and individual absorbers, respectively, within the spectra, provide in-
sight into the systematic differences between the AI(BI=0) and BI-defined absorbers. For
the BI-defined absorbers as the C IV emission blueshift increases, the trough velocities in-
crease and the trough velocity-extent increases, as would be expected for an accelerating
wind. The BAL troughs present in spectra in the lower right of C IV emission space are much
broader than those in spectra at the upper left. Whereas, for the AI(BI=0) absorbers, the
velocities increase as the C IV blueshift increases but the velocity-extent of the absorbers
is close to constant. 16 390 AI-defined quasars have multiple troughs and in many they
are separated extensively in velocity, up to 24 950 km s−1. In the AI(BI=0), AI(BI>0) and
BI quasar populations, 67, 46 and 83 per cent of the quasars, respectively, have only one
trough. Spectra with more than one trough typically have large trough velocities to allow
for a second trough at lower velocities and thus have large C IV blueshifts. Many of the
AI(BI>0)-quasars have a BI-defined trough (therefore also AI-defined) and a second AI-
defined trough, accounting for the high fraction of spectra with N450 > 1.
The AI(BI=0) spectra are dominated by single, relatively narrow, troughs such that BI=0.
These narrow troughs appear in spectra with the full range in C IV blueshift as evidenced
by the swathe of constant and low AI, ∆V450 and Vwidth,450 in the AI(BI=0) plots. We can
test the hypothesis that the AI(BI=0) absorbers are different from the AI(BI>0) absorbers
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rather than just much narrower by investigating the structure of the zero-BI troughs. We
select 18 740 AI(BI=0) quasars with only one AI-trough and generate a mean composite of
the spectra shifted to the rest-frame of the maximum absorption-depth. A well-defined C IV
doublet is observed (Fig. 3.11). In many cases, the 450 km s−1 minimum velocity required by
the AI measurement is sufficiently narrow to include narrow absorption lines (NALs) with
very different internal kinematic properties compared to BI-defined absorbers. The AI-
defined absorption is participating in the outflows but we conclude that AI(BI=0) absorbers
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Figure 3.10: Median absorber-restframe composites of the 14 887 BI-defined quasar spectra. Where spectra
have more than one trough, the deepest trough is selected. The numbering of the composites matches that
of the C IV regions in the lower right panel of Fig. 3.9; however only plotting the odd-numbered composites
for clarity. The BI-defined troughs extend to larger velocities at higher C IV blueshifts with the maximum
velocity increasing more rapidly than the minimum velocity or the velocity of the deepest part of the trough.
The depth of the troughs does not vary systematically in C IV emission space.
are dominated by material in structures with velocity spreads of'few-hundred km s−1, very
different from much of the material giving rise to the classical BI-defined troughs.
We have yet to consider the high-EW, low-blueshift (®1000 km s−1) region of C IV emis-
sion space. Inspection of the∆V distribution for the AI(BI=0) troughs shows increased∆V
at high C IV EW. Some of these troughs have Vwidth,450 > 2000 km s
−1 but have BI=0 as most
of the absorption is below 3000 km s−1. In contrast with the NALs discussed above, as the
C IV blueshift increases, over an admittedly small range of velocities present at high EW, AI
and Vwidth,450 increase whilst the troughs deepen (Fdepth,450 increases). In other words, while
the minimum velocity remains constant, the maximum velocity increases. The original BI
calculation was designed with the 3000 km s−1 starting velocity to exclude strong associ-
ated absorbers which are believed to result from a different phenomenon compared to the
BAL troughs (Weymann et al., 1991). In the circumstances, the use of a BI0 definition for
absorbers (where the BI metric is extended down to zero velocity) will include a larger frac-
tion of absorbers resulting from outflows but at the expense of including true ‘associated
absorbers’.
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Figure 3.11: Mean normalised composite of 18 740 single, AI(BI=0) troughs shifted to the rest-frame of the
deepest part of the trough. The composite is dominated by the well-defined deep, narrow absorption in
which both features in the C IVλλ1548,1551 doublet are seen. Additional weaker absorption is present in
some troughs, explaining the broader depression, particularly to shorter wavelengths.
3.3 Discussion
The main aim of this Chapter is to present the observational differences and similarities
between the ultraviolet spectra of non-BAL and BAL quasars, including the outflow sig-
natures evident in the C IVλ1549 emission. Our approach has been designed to allow a
direct investigation of the systematics observed in the absorption- and emission-outflow
properties for the non-BAL and high-ionisation BAL populations as a whole. In short, we
can definitively locate BAL quasars in C IV emission-line parameter space, even in the face
of significantly absorbed C IV profiles. The results should provide constraints on models,
particularly in the case of disc winds.
3.3.1 Quasar physical properties
The observational manifestation of outflows observed in absorption and emission are quite
different, particularly in terms of the solid angle over which material contributes to the
spectrum. Broad and narrow absorption occurs due to gas present along a particular line
of sight. For absorbing structures of limited physical extent, a small change in viewing an-
gle may result in very different observed absorber properties. Similar changes may result
temporally due to rapid motion of absorbing material across the line of sight or changes
in the ionisation parameter. Emission-line properties instead derive from gas covering a
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much larger solid angle from the perspective of the observer. Photons produced by emis-
sion, in gas participating in an outflow, over a significant angle contribute to the observed
spectrum and small changes in viewing angle are not, in general, expected to result in sig-
nificant changes to the emission-line spectrum. Observed emission-line changes due to
larger angular variations in viewing angle are of course potentially powerful probes of non-
spherical geometries, including disc-wind models.
A main result is the similarity in the observed ultraviolet-emission and physical prop-
erties between the BAL and non-BAL quasar populations. For every BAL quasar with a
certain black hole mass, bolometric luminosity, Eddington ratio, C IV emission profile and
He IIλ1640 EW, there exists a non-BAL quasar with essentially identical properties, con-
sistent with the two objects possessing the same orientation and/or geometry. Matthews
et al. (2017) suggest that BAL quasars can be observed at similar inclinations to non-BAL
quasars. The converse is not always true; while for the majority of the C IV emission space
one can find a BAL quasar for each non-BAL quasar of specified properties, there is a lack
of BAL quasars possessing large C IV emission EW, no significant C IV emission blueshifts
and hard SEDs.
Richards et al. (2011) used the observed relation between the blueshift of the C IV emis-
sion and the morphology of the C III]λ1908-Si III]λ1892-Al IIIλ1857 complex6 to deduce
the locations of BAL quasars within the C IV emission space. The conclusions of Richards
et al. (2011) are consistent with the results presented here but now far more information is
available about the location of BAL quasars in the C IV emission space as a function of the
BAL trough properties (see Fig. 3.9 in particular).
The distribution of quasars in C IV emission space (Fig. 3.1) can be explained by a disc-
wind model (e.g., Richards et al., 2011); the Doppler blueshifted emission is thought to oc-
cur in an outflowing wind component, thus spectra with symmetric and high-EW C IV show
little to no evidence of a disc-wind and instead are dominated by disc emission. Quasars
with extremely blueshifted emission are all weak-lined. Evidence from the strength of C IV
and He II-emission (see below) indicates that quasars at the top-left of the C IV emission
space have the hardest SEDs, with a systematic softening of the ionising continuum mov-
ing towards the bottom right. In a scenario where line-driving is important for produc-
ing the wind, only when the number of high-energy ionising-photons is small enough that
electrons remain bound to nuclei can the wind be accelerated to high velocities. As a con-
sequence, quasars with strong C IV emission and high blueshift are not found.
As a recombination line, He IIλ1640 can be used as an indicator of the number of ion-
ising photons with energies above 54 eV, i.e., as an SED-hardness diagnostic. In the line-
driven wind scenario, only the spectra with the lowest He II EW, thus fewest high-energy
ionising-photons, are able to produce the strongest disc-winds. Baskin et al. (2013, 2015)
6A similar approach has been adopted here (see Appendix A) to determine the priors adopted for the recon-
struction of the C IV emission profiles.
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have quantified the strength of the dependence of BAL trough properties as a function
of the He II-emission EW (broader and faster-moving troughs are observed when He II is
weak). The systematic behaviour of He II-emission as a function of C IV blueshift for non-
BAL quasars has also been identified by Baskin et al. (2015). Again, our results (Fig. 3.5) for
the strength of He II-emission in the BAL and non-BAL populations across the C IV emis-
sion space show striking systematic behaviour and demonstrate the very close similarity in
properties for BAL and non-BAL populations.
Simple comparisons of emission-line properties for the BAL and non-BAL populations
as a whole will show differences as a result of the lack of BAL quasars with hard SEDs and
strong, symmetric C IVλ1549 emission. The dearth of BAL quasars at the top left of the C IV
emission space (Fig. 3.1) has naturally led to the conclusion that BAL quasars are more com-
mon among the quasar population with softer SEDs. Our analysis indicates the situation is
somewhat more complex as BAL quasars exist across the entire remainder of the C IV emis-
sion space occupied by the non-BAL quasars. While SED-hardness is important, a stronger
emission-outflow signature at fixed C IV EW is also relevant for increasing the probability
that a quasar is a BAL quasar (Fig. 3.3). Overall, therefore, a key conclusion from the re-
sults presented in Section 3.2, is that, when an outflow is present, i.e., C IV blueshift > 0,
the physical properties (including L , L/LEdd, SED-hardness) and ultraviolet emission-line
properties of the non-BAL and BAL populations are essentially indistinguishable.
3.3.2 Absorber properties
Knigge et al. (2008) were the first to propose the existence of two-populations of absorbers
among quasars with positive AI values. In our absorber classification a physically signifi-
cant difference is evident between the AI(BI=0))-defined absorbers and those defined by
AI(BI>0). Row five of Fig. 3.9 shows how, independent of the AI- or BI-value of troughs,
the maximum absorber outflow velocity increases with increasing C IV emission blueshift.
Row six, however, reveals a clear difference in the velocity extent of troughs, with AI(BI=0)-
defined absorbers possessing a constant velocity width (∆V ), while the AI(BI>0) absorbers
show a strong systematic trend of increasing∆V with increasing maximum outflow veloc-
ity. The latter behaviour is consistent with outflowing absorbing material in an accelerating
wind. The composite absorption spectrum of the AI(BI=0)) absorbers (Fig. 3.11) by contrast
shows both components of the C IVλλ1548,1551 doublet are visible. The typical velocity-
spread within the absorber structures, independent of outflow velocity, must, therefore, be
no more than '250 km s−1.
It is in the high-EW region of C IV emission space where quasars have the hardest ion-
ising SEDs that we observe slightly narrower emission lines in the BAL quasars than the
non-BALs (Fig. 3.4). If absorption is present in these spectra, it is typically deep and also
narrower than the majority of the BI-defined troughs but is amongst the broader AI-defined
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troughs. The narrower emission lines and hard SEDs, combined with the differing trough
systematics, could suggest a different orientation of the quasars or a different outflow-
driving mechanism (Richards, 2012) from that of the outflows traced by the absorption seen
in all other areas of C IV emission space. Alternatively, certain sight-lines may probe differ-
ent parts of the outflows, which may be dominated by different driving mechanisms.
The investigation presented here has focussed on quasars with BAL troughs while a
study of the outflow properties of narrow C IV absorption lines in non-BAL and BAL quasars
was undertaken by Bowler et al. (2014). Results included the detection of line-locked ab-
sorbers but, most relevant to findings presented here, also showed that the kinematics and
population statistics of narrow absorbers in the non-BAL and BAL quasar sub-populations
were similar. Combining the results with those presented here leads to a picture where, in
respect of outflow signatures, the non-BAL and BAL quasar populations possess the same
emission and NAL outflow properties strongly suggesting a direct link between apparent
‘non-BAL’ and ‘BAL’ quasars. We present further investigation of the narrow absorption
line properties of non-BAL and BAL quasars in the next Chapter.
While the results in Section 3.3.1 support the idea that BAL quasars have the same par-
ent population as non-BALs (Richards, 2006), it is clear that the properties of the absorption
troughs change significantly across the C IV emission space, which is an observation that
is expected from theory (see Giustini & Proga, 2019). The observation may be important
in the context of understanding the origin of ‘BAL quasars’ as population statistics, such
as the fraction of quasars classified as BALs, are potentially a strong function of the BAL
definition. Put another way, BAL quasars can be found across nearly the full C IV emission
space but BAL trough properties change in such a way that grouping all BALs together into
the same subclass of objects may restrict the physical insight that can be gained into the
origin and properties of outflows.
3.4 Conclusions
By reconstructing the quasar spectra, we have recovered the intrinsic C IV emission of BAL
quasars even where said emission is heavily absorbed. This has allowed us to, for the first
time, place the BAL quasars alongside the non-BAL quasars in C IV emission profile space
(Fig. 3.1). We find that for every BAL quasar with certain C IV emission properties, there ex-
ists a non-BAL quasar with the same properties. The converse is not necessarily true; there
are almost no BAL quasars at the highest EWs in C IV emission space with zero blueshift,
compared to the non-BAL quasars.
In addition to C IV emission, BAL and non-BAL quasars are extremely similar in respect
of their He IIλ1640 EW, bolometric luminosity, and Eddington ratio (Figs. 3.5–3.7). The
similarities in properties, some measured from the reconstructed emission spectra, sug-
gest that the broad absorption observed in BAL quasars is the result of clumpy, outflowing
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gas along the line-of-sight (broadly consistent with Yong et al., 2018) and that all quasars –
barring perhaps those with the hardest ionising-SEDs at the highest C IV emission EWs and
lowest blueshifts – have the potential to be seen as BAL quasars but with varying probability
(Fig. 3.3). The trough parameters also vary systematically in C IV emission space (Fig. 3.9),
and we have gained insight into the trough-structure of the two AI-defined populations.
At the highest C IV EWs, the BAL quasars have slightly narrower emission lines compared
to the non-BAL quasars (Fig. 3.4) and it is also these BAL quasars that have quite different
troughs from the rest of the BAL quasars – deep, narrow and close to systemic velocity –
which perhaps could suggest a different driving mechanism of the outflows and/or a dif-
ferent quasar orientation.
Virtually every paper on BAL quasars starts by noting the two main hypotheses, which
are that BALs are ubiquitous in the quasar population but have only a∼20 per cent covering
fraction or that they represent a distinct 20 per cent of the quasar population (with nearly
100 per cent covering fraction). With this Chapter we argue that the question is largely
resolved (at least for high-ionisation BALs): the similarity of BAL and non-BAL quasars de-
mands that BALs are not a distinct class of quasars. Rather, BAL quasars are normal quasars
observed along a particular line of sight or at a particular time. Conceivably, both may be
true given that BAL troughs can be transient (e.g., Capellupo et al., 2012; Rogerson et al.,
2018; Yi et al., 2019). Models invoking non-spherical geometries and particular viewing
angles, e.g., BALs seen when the line-of-sight probes just above/below some form of ob-
scuring torus, are not straightforward to reconcile with the strong systematic relationship







This Chapter focuses on the narrow absorption lines (NALs) in our sample of SDSS quasar
spectra. We explore the properties of the NALs in the C IV emission space, finding that for
both non-BAL and BAL quasars the velocity of the outflowing NALs increase as the C IV
blueshift increases. The velocity of line-locked systems, which are evidence of radiation
line-driving, also increases as blueshift increases. We also explore the properties of the
NALs detected within the BAL troughs and find them to be tracing gas with the same ioni-
sation state as the NALs found outside the BAL troughs. The similarities between the NALs
in BAL and non-BAL quasars provides further evidence that BAL and non-BAL quasars
are drawn from the same parent population. We suggest that the majority of absorption
troughs with zero Balnicity Index but positive Absorption Index are in fact high-EW C IV
NALs. With this Chapter, a main result of this thesis is the correlation between the outflow
signatures seen in absorption – broad and narrow – with the emission outflow signature.
The investigation presented in this Chapter is not yet published. P. C. Hewett performed the initial NAL search
with the Gaussian templates detailed in Section 4.2.
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4.1 Introduction
The final outflow signature that we are yet to discuss in any detail are the narrow absorption
lines (NALs). The location, structure, and mechanics of quasar outflows are by no means
solved; however, the discovery of NALs inside BAL troughs (Bowler et al., 2014; Mas-Ribas
& Mauland, 2019) points to a wind with varying density along our line-of-sight over a sig-
nificant velocity range, and many simulations also produce complex structures (e.g., Proga
et al., 2014).
The mechanism for driving quasar outflows is not yet determined, but, as mentioned in
Chapter 1, a combination of processes including magnetic fields and radiation line-driving
could be plausible. Unambiguous evidence of the latter is the detection of line-locked NAL
systems in quasar spectra. Simulations (Chelouche & Netzer, 2003) have suggested that
line-locking is common in radiatively-driven outflows. It had been suggested that non-BAL
quasars did not show extensive evidence of line-locking based on arguments that velocity
separations comparable to line-locked systems were occurring purely by chance and that
low-velocity ejections were favoured such that the small velocity separations were not sig-
nificant (Sargent & Boroson, 1977). The statistics have since improved and Bowler et al.
(2014) discovered that line-locking is as likely in non-BAL quasars as it is in BAL quasars.
The similarities between the BAL and non-BAL quasar populations in Chapter 3 is sup-
ported by the finding in Bowler et al. (2014) that there is no detectable difference in the
ionisation state of the gas responsible for the NALs between the BAL and non-BAL quasars.
For both populations the ionisation parameter of the outflowing gas was seen to decrease
as the NAL velocity increased, and the authors attribute this effect to an accelerating out-
flow (see also Chen et al., 2021; Perrotta et al., 2018).
Chen et al. (2021) claim that the ionisation state of high-velocity (0.1–0.2c ) line-locked
systems is higher than of the single absorbers at the same velocities; however, they do not
account for the contamination by low-ionisation intervening systems that will dominate
the high-velocity NALs (which they estimate account for 66–86 per cent of the high-velocity
NALs). Bowler et al. (2014), on the other hand, deliberately corrected the absorption prop-
erties for the presence of intervening absorbers and observed no differences between the
properties of the doublet and triplet systems over the range of NAL velocities dominated
by outflowing systems.
In this Chapter, we describe an investigation of the C IV NAL systems, both single and
line-locked, in the context of the C IV emission space in an effort to link the outflow signa-
tures seen in absorption with those in emission. In Section 4.2, we present the procedure
of finding and fitting the NALs in both the non-BAL and BAL quasars. We use the spectrum
reconstructions presented in Chapter 2 to improve the detection of absorbers particularly
within the C IV emission line profile. Our analysis benefits from the size of the quasar sam-
ple, having selected the quasars from the SDSS DR14 quasar catalogue (Pâris et al., 2018).
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The average S/N per pixel is lower for the DR14 objects (due to the fainter magnitude limit;
see Section 2.3) than for DR7 which was utilised by Bowler et al. (2014); however, in Sec-
tion 4.3 we are able to perform a novel investigation into the properties of the absorbers de-
tected inside and outside the BAL troughs. Here, we also explore the distribution of the C IV
doublets in C IV emission space and compare the BAL and non-BAL quasars. Section 4.4
discusses the properties of the line-locked systems in the context of the C IV emission space
and again compares the BALs with non-BAL quasars and the in-trough with out-of-trough
absorption.
4.2 Finding and fitting C IV NALs
4.2.1 NAL search
We use the quasar sample from Chapters 2 and 3 which have redshifts 1.5 < z < 3.5 and
average S/N ≥ 5 per pixel. The first step in finding and fitting the NALs is to create the ab-
sorption spectrum that can then be searched for single Gaussian profiles. For each quasar
in our sample, the reconstruction is subtracted from the spectrum to create a difference
spectrum which is then median-filtered with a 201-pixel window to remove any low-level
(up to a few per cent) differences between the spectrum and reconstruction. This median-
filtered spectrum is then subtracted from the difference spectrum to leave behind the sig-
nature of any narrow absorbers. The resulting absorption spectrum is searched for single
Gaussian absorber components in a similar manner to that in Bowler et al. (2014)1 and
the procedure is summarised briefly here. Gaussian templates of different widths (FWHMs
≈ 162, 203, 244, 325 km s−1) are centred at half-pixel intervals between 1381 Å and 1568 Å
and the best-fitting template is selected using the template with the minimum χ2. The fi-
nal candidate list contains Gaussian absorption profiles with 3-σ detections. The search
for C IV doublets and triplets could be conducted with templates that have two and three
components to maximise the S/N of detections, however, the search was deliberately per-
formed via the identification of individual absorption components in order to simplify the
statistics of the detections.
With a list of absorber candidates and their locations in each spectrum, we then fit
Gaussian profiles to each candidate using the Python package LMFIT with more freedom
in the parameter values than was allowed during the initial template-fitting search.
C IV doublets are then found by searching for components that are separated by∼ 497±
69 km s−1 (the velocity separation of the 1548 Å and 1551 Å C IV components with an error
of the width of an SDSS pixel). Each doublet is then also considered part of a triplet system
if there is a third absorption component located ∼ 750± 69 km s−1 from the mean velocity
of the doublet.
1The search was performed using code that was employed in Bowler et al. (2014).
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In addition to the search presented above using the reconstruction-based absorption
spectrum, the AI- and BI-classified quasars are searched a second time with a different ab-
sorption spectrum. The goal of this second search is to find absorption systems within the
BAL troughs and this is achieved by creating an absorption spectrum where the broad ab-
sorption has been removed. The absorption spectrum is defined by median-filtering each
quasar spectrum with a 41-pixel window and subtracting this from the original spectrum,
as in Bowler et al. (2014). With the absorption spectra created, the routine for locating the
C IV NALs can proceed as detailed above.
4.2.2 Absorption in and out of troughs
Each BAL quasar spectrum was searched twice for NALs: first with the reconstruction-
based continuum and second with the 41-pixel median-filtered spectrum. We aim to use
the reconstruction-based continuum for NALs outside of the broad absorption troughs and
only default to the median-filtered spectrum continuum for regions of the spectra within
troughs. We use the trough parameters defined in Section 3.2.4 to split each spectrum into
in/out troughs and include NALs in the final sample that have been detected using the ap-
propriate continuum for that spectrum segment.
For the BI-selected BAL quasars, determining which NALs are in and outside of BAL
troughs is relatively straightforward. Using the trough parameters defined in Section 3.2.4,
each BI trough has a width of at least 2000 km s−1– much wider than an individual C IV dou-
blet.
For the AI(BI=0) quasars, defining the set of in-trough absorption is more complicated.
Knigge et al. (2008) found two populations of AI quasars: those with high AI-index typically
had BI>0 (AI(BI>0)) and those with low AI-index typically had BI=0 (AI(BI=0)). We were
able to reproduce the result with our BAL classifications (see Section 2.5.1 and Fig. 2.9). Ad-
ditionally, the mean composite of the AI(BI=0) quasars in the trough’s rest-frame in Fig. 3.11
is a clear demonstration that many of the AI(BI=0) troughs are in fact coincident with the
location of a narrow C IV absorption line. For this reason we use the reconstructions to de-
fine the continuum of the NALs that are in AI(BI=0) troughs with the deepest part above
3000 km s−1 (below this velocity many of the troughs are actually quite wide but have BI
= 0 because of the minimum starting velocity of the BI classification). There is the possi-
bility that some AI troughs that are wider than a C IV doublet and just narrower than the
BI threshold are not treated appropriately; however, the majority of AI troughs are actually
quite narrow – consistent with doublet and triplet widths (see Appendix C).
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Table 4.1: Doublets with β < 0.08 and triplets with 0.01 < β < 0.1 in the final sample. Columns 2 and 4
contain the number of doublet and triplet systems, respectively. Columns 3 and 5 describe the fraction of
quasars with at least one absorption system.
Doublets Triplets
No. quasars N Fqso N Fqso
a
non-BAL 76 150 25 255 0.28 109 0.010
AI 50 698 44 245 0.58 1296 0.054
BI 15 161 12 179 0.53 366 0.057
aAs a fraction of the number of quasars with one or more
doublets in the triplet β-range.
4.2.3 Final NAL sample
We restrict the final NAL sample based on the following criteria applied to each single Gaus-
sian absorber:
1. absorber S/N ≥ 3 where the noise is the SDSS pixel noise;
2. absorber EW ≤ 4 Å;
3. absorbers outside troughs must have EW ≥ 0.1 Å but the threshold is not applied for
absorbers within troughs;
4. Gaussian FWHM 150≤σ≤ 340 km s−1 where the minimum is set by the resolution of
the SDSS spectra and the maximum by the width above which the doublet compo-
nents become blended together and are no longer detected as two distinct absorbers;
5. and reduced-χ2 ≤ 5 which is deliberately lenient to allow the inclusion of particu-
larly high-S/N absorbers and to account for the frequent presence of a second close
absorber affecting the adjacent ‘continuum’ region.
Additionally, doublets are only included in the final sample if they have β < 0.08 where β is
the velocity of the NAL, v , with respect to the systemic velocity as a fraction of the speed of
light. Triplets with 0.01<β < 0.1 are included in the sample (see Section 4.4). Of the 76 150
non-BAL quasars, 21 302 have at least one C IV doublet, and 109 have at least one triplet.
There are 50 698 AI(BI=0) quasars in our sample, with 29 601 having a doublet and 1276
with a triplet. The classically-defined BAL quasars number 15 161, 8027 of which have at
least one doublet and 358 have a triplet. Table 4.1 summarises the NAL sample. Overall, the
BI quasar population has a higher incidence of NALs detected compared to the combined
non-BAL+AI population. Chen et al. (2020) also found more NALs in their BAL population
compared to their non-BAL sample. The high incidence of NALs in the AI population alone
is due to the high probability a quasar is classified as AI when a NAL is present.
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4.3 C IV doublets
4.3.1 β-distribution
In Fig. 4.1 we plot the β distribution for the C IV doublets in our quasar sample. The overall
shape of the distribution in the left-hand panel is similar to what is found across various
NAL investigations (Wild et al., 2008; Bowler et al., 2014; Chen et al., 2020). The sharp peak
at β = 0 is populated by associated absorption systems; outflowing NALs are expected to
populate the 0.01<β < 0.05 region; and intervening systems dominate at β > 0.05. The in-
tervening NALs should be uniformly distributed in β and it is possible to estimate the con-
tamination of the outflowing and associated populations by intervening systems. We make
an estimate of the fraction of doublets in the β range 0.01–0.05 that are outflowing as op-
posed to intervening by considering the number of absorbers (which are likely intervening)
atβ = 0.06–0.08 in the non-BAL population. The number of intervening systems should be
constant with β , thus subtracting twice2 the number of systems at 0.06<β < 0.08 from the
number of systems between 0.01<β < 0.05 provides an estimate of the number of outflow-
ing systems for each quasar population. The fraction of systems with 0.01 < β < 0.05 that
are outflowing in the non-BAL, AI and BI quasars is 33.2, 90.1, and 88.3 per cent, respec-
tively. For reasons that will become apparent later, we note that the combined non-BAL+AI
population has an estimated outflowing fraction of 80.1 per cent. There is a significant in-
crease in the fraction of NALs that are outflowing for the AI and BI population. In the cases
where we compare BAL and non-BAL NAL properties, we consider the results in the context
of the different contamination fractions and cannot make any quantitative claims about
the ionisation state of the gas, for example.
Some discussion should be had on the effect of BAL-classification on the detection of
NAL systems. As a reminder, the BI-classification runs from 3000–25 000 km s−1 (β = 0.01–
0.08) and defines a trough to be a minimum 2000 km s−1-wide contiguous region of spec-
trum falling below 0.9 of the continuum level. The AI-classification covers 0–25 000 km s−1
and includes troughs with a minimum width of 450 km s−1. The maximum velocity for the
BAL-classification is such as to avoid confusion with Si IV absorption. The doublet search
extends beyond β = 0.08 which leads to a modest apparent excess of C IV doublets due to
chance coincidences of components of Si IV doublets particularly close to the Si IV absorp-
tion close to systemic velocity. Additionally, there is an apparent increase in the number of
non-BAL NALs and a decrease in AI NALs at β > 0.08 since no NALs will be classified as AI
troughs regardless of the EW of the absorption. For these reasons, when considering the
C IV doublets we place a maximum β = 0.08.
For the sample of AI quasars, the definition of in or out of an AI trough leads to a different
distribution of NAL velocities than would be expected from just using the AI trough param-
2factor of two to account for the ‘outflowing’ beta range being twice the width of the range β = 0.06–0.08
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Figure 4.1: C IV doublet β distribution for all quasars (left) and for the non-BAL, AI(BI=0), and BI-defined
quasars (right). In the left-hand panel, the sharp peak at β = 0 contains the associated absorbers. We define
the outflowing NALs as having 0.01 < β < 0.05. At β > 0.05 the NAL population is dominated by intervening
absorption systems and is essentially flat. In the right-hand panel, the doublet count in each bin is nor-
malised by the number of quasars with spectral coverage of that β and defined as non-BAL, AI, or BI quasars
as appropriate. The AI and BI NAL populations are also split into in-trough and out-of-trough NALs (see text
for details).
eters. There is the strong peak of associated absorbers at β = 0, the majority of which are
classed as out-of-trough. The only in-trough NALs are occurring between β = 0 and∼0.01.
While many NALs at β > 0.01 are coincident with AI troughs, all of these NALs are classed
as out-of trough with our definition.
Also plotted in the right-hand panel is the combined non-BAL+AI population of NALs
which will be considered throughout this Chapter for reasons mentioned previously. The
results of Knigge et al. (2008) which were supported by our investigation of the AI(BI=0)
quasars and the composite AI-trough in Fig 3.11 lead us to conclude that the majority of
the AI troughs are C IV NALs with EWs large enough to satisfy the AI definition. The higher
percentage of systems that are outflowing in the AI population than the non-BAL popula-
tion, reported previously, is consistent with this conclusion given that the number density
of intervening systems is expected to drop off rapidly as EW increases (Cooksey et al., 2013).
The β-distribution of NALs in the BI quasars is also dependent on the BI-classification.
Like all of the other sub-populations of quasars, the associated absorbers at zero velocity
are present. The excess doublets below 0.01 is mostly due to the BI classification starting at
β = 0.01 and so no NALs in the BI quasars will be in troughs at β < 0.01. The β distribution
of the in-trough BI NALs is governed by the location in velocity space of the BI troughs.
60 CHAPTER 4. NARROW ABSORPTION LINES
4.3.2 Composite NAL spectra
The majority of the absorbers in our sample are low-S/N and thus do not facilitate an in-
vestigation on the individual absorber properties. Composite absorption spectra in the
rest-frame of the C IV doublets however, allow the average NAL properties to be explored
for various sub-populations. The median composite spectra presented in Fig. 4.2 of the BI
and non-BAL+AI doublets are constructed as follows.
First, a 41-pixel median filter is applied to each spectrum to create the continuum. The
same continua were used in the process of identifying the NAL absorption in BAL troughs
and here we do the same to all spectra in our sample to ensure that the continuum, against
which the NALs are detected, is defined using the same definition for all samples. The con-
tinuum is then divided into the quasar spectrum leaving the absorption spectrum. Finally,
the median composite spectra are generated by moving each absorption spectrum to the
rest-frame of the absorber (using a nearest-pixel approach to avoid re-binning) and calcu-
lating the median flux in each pixel. Spectra with more than one C IV doublet contribute to
the composite for each doublet at each NAL’s rest-frame. The number of absorbers is gen-
erally large; however, the Mg II in the composites, where there are significant contributions
from absorbers at redshifts zabs > 2.3, can be unreliable due to the very low spectrum-S/N
at observed wavelengths > 9300 Å. All composites presented in this Chapter are median
composites but we have checked that they are in good agreement with the mean compos-
ites.
The composite spectra in Fig. 4.2 are created from the outflowing NALs at 0.01 < β <
0.05. The excess flux above unity around the absorption features is an artefact of the 41-
pixel median-filter used in the continuum-generation. The redshift range and wavelength
limits of the spectrograph result in fewer quasars contributing to the Lyβ and Mg II ab-
sorption lines than the C IV system; however, the presence of these and other species in the
absorption spectra highlight that the majority of the doublets in our sample are indeed real.
We make no claim about the ionisation state of the gas from Fig. 4.2 since the composite
spectra cover a large range in velocity space (0.01 < β < 0.05) and different quasars con-
tribute to the composite of the different absorption features. However, Bowler et al. (2014)
found that the N V:C IV EW ratio decreased as β increased while the Mg II:C IV increased for
the BAL and non-BAL quasars alike, suggesting a lower-ionisation parameter of the gas as
NAL velocity increases. In the intervening systems, Bowler et al. (2014) measure N V:C IV
< 0.01 and Mg II:C IV ≈ 0.62, compared to 0.31 and 0.42, respectively, in the range β = 0.02–
0.03 (see their table 5). The medianβ is significantly larger for the non-BAL+AI sample than
the BI sample which leads to the median BAL doublet system tracing a higher ionisation
state than the median non-BAL doublet. Additionally, the higher fraction of non-BAL+AI
doublets that are potentially intervening (∼19.9 per cent compared to∼11.7 per cent of the
BI NALs) and are therefore tracing gas of a much lower ionisation state means that the me-
dian non-BAL N V:C IV and Mg II:C IV EW ratios more closely resemble the intervening EW
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ratios (N V:C IV ≈ 0.06 and Mg II:C IV ≈ 0.28) compared to the BI values (N V:C IV ≈ 0.30 and
Mg II:C IV ≈ 0.07). Upon binning in β , we produce similar results to Bowler et al. (2014).
The lack of a minimum EW for the doublets found inside troughs is also partly responsible
for the significantly weaker Mg II absorption in the BI composite.
Based on the similarities in emission properties found between the BAL and non-BAL
quasars in Chapter 3 and the results from Bowler et al. (2014) that the absorber systems
in BAL quasars show the same trends in ionisation parameter as in the non-BAL quasars,
we predict that the absorber systems appearing in and out of troughs in the BAL popula-
tion will show the same level of ionisation. In Fig. 4.3 we test this hypothesis by plotting
the continuum-normalised composite NAL doublets in and out of BAL troughs for the BI
quasar population.
Before discussing the results of this test, it is important to first note the remaining dif-
ferences when detecting NALs in and out troughs. The additional broad absorption causes
the effective local continuum to be much lower. For our sample, the continua of the BI
out-of-trough NALs are on average a factor of∼1.7 higher than the in-trough continua. For
absorption lines detected at moderate S/N the EW of the lines is preserved, independent of
whether in or out of a trough. At low S/N, however, the absorption-line detection threshold
corresponds to a limit on the area of the line rather than the EW. The noise is dominated
by contributions from the sky and, other than for very bright quasars, is thus independent
of whether the absorption line is in or out of a trough. As a consequence, absorption lines
detected close to the S/N = 3 threshold within BAL troughs possess EWs a factor of 1.7
larger than those detected out of the troughs. Absorber EWs in composite spectra, includ-
ing significant numbers of low S/N absorbers detected within troughs, are, therefore, of
somewhat higher EW compared to out of trough absorbers. The systematic effect is com-
pensated somewhat by the lack of a minimum threshold on the EW for absorption lines
within troughs. The first effect dominates for absorption within significant troughs and
the C IV and N V lines are slightly stronger in Fig. 4.3, while for lines outside of troughs the
lack of the EW threshold leads to weaker lines, as evident from the difference in the depths
of the Mg II absorption.
4.3.3 Doublets in C IV emission space
The C IV emission space has been used throughout this thesis as an indicator of the strength
of any wind relative to the strength of the classic broad line region component. Here, we
examine the relationship between the C IV doublets and C IV emission space. Before we
do so, however, we showed in Figs. 3.6 and 3.7 that the bolometric luminosity and Edding-
ton ratio both increase towards the lower-right of C IV emission space which leads to an
increase in the average continuum S/N at high C IV blueshifts for our flux-limited quasar
sample. The NAL detection function will thus change across C IV emission space with a
higher detection fraction at the bottom-right of the space where the S/N is greatest.
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Figure 4.2: Median composite of the BI (red) and non-BAL+AI quasar (blue) doublets at 0.01<β < 0.05 in the
doublet rest-frame. The number of spectra with the appropriate wavelength coverage is noted in the panels’
legends. The presence of other species in absorption confirms that the doublets are real. Dashed vertical
lines mark the wavelengths of the species visible in each panel.
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Figure 4.3: Median composite of the BI-quasar doublets at 0.01 < β < 0.05 in the doublet rest-frame. Dou-
blets that are detected in troughs contribute to the grey composite spectra, and those out of troughs to the
orange spectra. With selection effects in mind (see text), there appears to be no difference in ionisation state
of the gas producing the absorption in BAL troughs from that out of the BAL troughs.
Figure 4.4 contains the mean number of associated, outflowing, and intervening dou-
blets per quasars in C IV emission space. The top row shows the distribution of NALs be-
tween 0<β < 0.01 where associated absorbers dominate. The average number of doublets
per quasar increases towards the top-left of C IV emission space for both the non-BAL+AI
and BI quasars. The lower incidence of associated NALs in the region of C IV emission space
where disc-winds are thought to strongest, could be an indication that the gas responsible
for the absorption has been blown out from the galaxy. Alternatively, Stone & Richards
(2019) proposed that the presence of β ' 0 NALs is an indication of an edge-on orientation
(or as close to edge-on without being obscured by some dusty torus) based on an investiga-
tion of the FIRST radio properties of quasars and their NALs. They found an excess of ‘steep’
radio-spectrum objects at β ' 0 and, assuming that a steep spectrum is an indication of an
edge-on orientation of the radio jets and therefore the quasar, the authors suggest that the
β ' 0-NALs are detected in edge-on objects. If β ' 0-NALs are an indication of edge-on
orientation then it could be argued that the high-EW, low-blueshift region of C IV emission
space contains more edge-on systems.
The bottom row covers 0.01<β < 0.05 which is populated by outflowing (and interven-
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Figure 4.4: Mean number of C IV doublets per spectrum in different velocity ranges as a function of location
in C IV emission space for all quasars (left), non-BAL and AI quasars (middle), and BI quasars (right). Only
hexagons with 5 or more quasars are plotted. The top row contains the doublets at β = 0.0–0.01 where the
associated systems dominate. The number of associated systems decreases from the top-left to bottom-right
of C IV emission space. β = 0.01–0.05 contains a significant fraction of outflowing systems and is covered by
the bottom row. Conversely to the associated systems, the number of doublets increases from the top-left to
bottom-right. Colour bars are identical on every axis.
ing) NALs. Here, the mean number of absorbers is increasing towards the bottom-right
where winds are expected to be strongest. In Chapter 3 we found that the BAL trough
parameters, including the balnicity index correlated with location in C IV emission space,
showing more absorption at higher C IV blueshifts. We thus predicted that the NAL outflow
signature will increase as C IV blueshift increases which is what we observe. Moreover, the
similarities between the BAL and non-BAL quasars we described in the same Chapter and
the nature of the NAL detection in Bowler et al. (2014) in the BAL and non-BAL quasars lead
us to expect that the distribution of outflowing NALs in BALs and non-BAL quasars should
be similar. The middle and right-hand panels in the bottom row show that while the non-
BAL+AI and BI quasar populations do both show an increase in the number of NALs per
quasar as C IV blueshift increases and EW decreases, the number of NALs in the BI quasars is
approximately twice what is seen in the non-BAL+AI population at the highest blueshifts.
We calculated in Section 4.3.1 that a larger fraction of the doublets may be outflowing –
as opposed to intervening – in the BI population compared to the non-BAL+AI popula-
tion which could account for the stronger trend across the C IV emission space for the BI
quasars. A model where the sight-lines that produce BALs have a higher likelihood of pro-
ducing NALs in order to explain the higher overall incidence of NALs in the BAL quasars is
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Figure 4.5: Maximum velocity of the outflowing (0.01 < β < 0.08) C IV doublets as a function of location in
C IV emission space for the non-BAL+AI quasars (left) and the BI BALs (right) with at least one C IV doublet.
Each hexagon is colour-coded by the median maximum NAL velocity of the quasars in that bin and only bins
with at least 5 quasars are plotted. In both populations the overall trend is an increasing maximum velocity
as C IV blueshift increases.
one plausible scenario and is indicative of the highly structured nature of quasar outflows.
The systematic increase in S/N across the C IV emission space does not account for all
of the trends in Fig. 4.4. An investigation into the detection rate of the intervening systems
across the space revealed that the S/N selection effect is weak. The average number of
absorbers with 0.06<β < 0.08 per quasar increases from∼0 in the top-left of C IV emission
space to ∼0.15 in the bottom-right for all quasars (c.f. the increase to ∼0.25 in the bottom-
left panel of Fig. 4.4 and also to ∼0.4 in the BI quasars).Accounting for the S/N effect in
the bottom row would not remove the observed trends and cannot remove the differences
between the BI and non-BAL+AI populations. Additionally, the fact that, in the top row,
the absorber counts decrease towards the bottom-right where the S/N is greatest give us
confidence that the S/N selection effect is small. This opposing trend in the top row would
only grow stronger by accounting for the S/N effect.
In Chapter 3, we discovered that the AI and BI trough velocities varied systematically in
C IV emission space. With our finding that the majority of the AI troughs are C IV NALs, it is
perhaps not surprising that the relationship between location in C IV emission space and
NAL velocities is similar to that with the AI trough parameters (see Fig. 3.9). In the left-hand
panel of Fig. 4.5 we plot the maximum NAL velocity in the non-BAL+AI quasar population
in C IV emission space and find that the observed trend is particularly reminiscent of Vmax,450
of the AI(BI=0) quasars in Fig. 3.9.
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The right-hand panel contains the velocities of the C IV doublets found in the BI quasars.
The median of the maximum NAL velocity in each hexagon in the non-BAL and BAL popu-
lations can be seen to increase as the C IV blueshift increases which is again consistent with
BAL quasars being drawn from the same parent population as the non-BAL quasars. The
larger fraction of truly outflowing NALs in the BI population could account for the stronger
trend across the space compared to the non-BAL+AI populations. In addition to the me-
dian, the mean and mode of the maximum NAL velocity increase towards the high blueshift
end of C IV emission space, suggesting that the increase in velocity is not purely the result
of the existence of a population of high-velocity NALs in spectra with large C IV blueshifts
but instead a shift in the whole distribution of NAL velocities as blueshift increases.
4.4 Line-locked systems
Bowler et al. (2014) found line-locked C IV systems in both BAL and non-BAL quasars with
similar incidence rates. These triplets were detected in outflows up to 20 000 km s−1 and
Chen et al. (2021) has since searched for and found line-locked absorption up to outflow
velocities of 60 000 km s−1. Bowler et al. (2014) also find no differences between the doublet
and triplet absorber properties. With these discoveries in mind, we expect that the trends
observed in the C IV emission space with the C IV doublets will be similar to what is ob-
served in the line-locked absorbers. We also do not expect to see any differences between
the line-locked systems in the non-BAL and BAL quasar population, nor any differences
between those found in BAL troughs to those outside.
We limit our search for line-locked NALs to 0.01 < β < 0.1. The high-velocity limit is
higher than for the outflowing doublets due to the reduced risk of contamination by three
coincident Gaussian profiles, true doublet plus one coincident Gaussian absorption line,
or two coincidentally overlapping doublets. Neither do we have contamination by true
line-locked but intervening systems since the construction of a line-locked system is direct
evidence of radiation-line driving and so any line-locked system is an outflowing system.
In fact, any contamination by spurious Gaussian profiles can be seen in the relative depths
of the two Si IV doublets line-locked at 500 km s−1 in Fig. 4.6. Note that the BI composite
is noisier than the non-BAL composite given the factor of ∼3.3–4.0 more quasars in the
non-BAL composite from Lyβ to Mg II. Taking the ratio of the blue components of the two
Si IV doublets (1393.76 Å), we estimate that 1404 (∼ 0.99 per cent) of the 1405 non-BAL+AI
triplets and 363 (∼ 0.99 per cent) of the 366 BI triplets are real. We keep the minimum
β = 0.01 due to the high number density of C IV doublets at β < 0.01 which would lead to a
higher fraction of coincident doublets contaminating the triplet population.
It is clear from the composites in Fig. 4.6 that the absorption of the low-ionisation Lyα
and Lyβ is markedly stronger in the non-BAL composite (the Lyα is a factor of∼1.9 stronger)
and the high-ionisation N V weaker. The median β of the non-BAL quasar composite is
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Figure 4.6: Median composite of BI (red) and non-BAL+AI (blue) triplets at 0.01< β < 0.1 in the triplet rest-
frame. The presence of the two Si IV doublets with essentially identical EWs show that the triplet sample con-
tains almost no cases where the C IV triplets are due to chance coincidences of unrelated absorbers. Dashed
vertical lines mark the wavelengths of the species visible in each panel. The absorption from the line-locked
system can be found 500 km s−1 to the right of the vertical lines.
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Figure 4.7: Median composite of the BI-quasar triplets at 0.01 < β < 0.08 in the triplet rest-frame. The β
interval is chosen in order to compare the C IV triplets that are detected in troughs (grey) to those out of
troughs (orange). There are no discernible differences between the line-locked absorption in troughs and
out of troughs.
≈ 0.038 which is greater than the median β ≈ 0.029 of the BI composite. The differing
strengths are consistent with the decreasing ionisation parameter with increasing β re-
ported by Bowler et al. (2014) (see also their figs. 7 and 8). Bowler et al. (2014) would predict
that the Mg II absorption in this non-BAL composite should also be deeper, which appears
to be true in Fig. 4.6, however, the low-S/N of the BI composite precludes a definitive com-
parison.
Just as with the doublets, we expect the line-locked systems inside BAL troughs to be
identical to those outside, modulo the effect of the differing local continua. In Fig. 4.7,
we show that this is indeed the case and suggests that gas entrained in the much more
extensive wind traced by the BALs has the same properties as the outflowing gas outside of
the BALs.
With line-locked systems being direct evidence of radiation line-driving, a prediction
of our model is that the velocity of the triplet systems will correlate with the C IV blueshift.
Ideally, we would divide the population of triplets into BAL and non-BAL quasars and in-
vestigate the incidence of triplets across C IV emission space or the maximum velocity;
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Figure 4.8: Mean triplet velocity in bins of C IV blueshift for 0.01<β < 0.1. For the 28 quasars with two triplets,
the highest velocity NAL is selected. The top panel contains the number of quasars in each blueshift bin. The
error bars show the bin width and the standard error on the mean. The mean triplet velocity is consistent
with an increased triplet velocity as C IV blueshift increases.
however, we do not have a large enough sample to produce plots like Figs. 4.4 and 4.5. In
Fig. 4.8 we have instead plotted the mean triplet velocity in bins of C IV blueshift for the
non-BAL+AI and BI quasar samples combined. The maximum triplet velocity is chosen
for the 28 quasars with more than one triplet. The triplet velocity is seen to increase as C IV
blueshift increases from ∼12 000 km s−1 at zero blueshift up to ∼16 000 km s−1 at blueshifts
of ∼3000 km s−1. From Figs. 4.6 and 4.8 it is clear that radiation line-driving is important in
both BAL and non-BAL quasars.
4.5 Conclusions
We have investigated the narrow C IV absorption line systems in our sample of BAL and
non-BAL quasars, making use of the spectrum reconstructions. We have searched for C IV
NALs in and out of BAL troughs and considered the incidence and velocity of the doublets
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and line-locked systems in the context of the C IV emission space. Our main results are as
follows:
• The majority of AI(BI=0) troughs, as defined by the Absorption and Balnicity indices,
are C IV NALs and line-locked systems.
• Doublets at 0.0 < β < 0.01 where NALs tracing gas associated with the quasar envi-
ronment or host galaxy dominate have a higher incidence at low C IV blueshifts and
high C IV EWs and this is true for the non-BAL quasars and BI quasars (top row of
Fig. 4.4). Possible scenarios include the gas being blown out of the galaxy when the
C IV blueshift is high and winds are strong, or the low-velocity NALs are an indica-
tor of an edge-on orientation (Richards et al., 2021) and quasars at high-C IV EW are
more likely edge-on.
• Doublets at 0.01<β < 0.05 which are thought to be outflowing show increasing NAL
velocities as C IV blueshift increases (Fig. 4.5). Therefore, NALs are faster when the
outflows traced by emission are strongest.
• The velocity of the line-locked systems, which are evidencing radiation-line driven
outflows, is also increasing as the emission outflow signature increases highlighting
the importance of line-driving in both quasar populations (Fig. 4.8).
• We find that the doublets and triplets found in BAL troughs do not appear to show
any differences in ionisation state from those outside troughs (Figs. 4.3 and 4.7).
SDSS DR16 (Lyke et al., 2020) contains an additional ≈225 000 quasars – a 42 per cent
increase on the DR14 catalogue size. Performing similar analyses with DR16 in the future
would thus improve the statistics of the line-locked NALs.
The investigation presented in this Chapter provides further evidence that BAL and
non-BAL quasars are drawn from the same population given the similarities in their NAL
properties. A main result of this thesis is that the emission, broad absorption and narrow
absorption signatures of outflows are all correlated with each other: as the C IV emission
blueshift increases, the velocities of the BALs and NALs also increase. Modelling these re-
sults is beyond the scope of this Chapter and thesis but is an important next step in under-
standing quasar outflows and their effect on the galaxy evolution.
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Chapter 5
LOFAR-Detected Quasars in C IV Emission
Space
Summary
We present an investigation of the low-frequency radio and ultraviolet properties of a sam-
ple of '10 500 quasars from the Sloan Digital Sky Survey Data Release 14, observed as part
of the first data release of the Low-Frequency-Array Two-metre Sky Survey. We employ the
reconstructions from Chapter 2 to parameterise the C IVλ1549-emission line that is used
to infer the strength of accretion disc winds, and the He IIλ1640 line, an indicator of the
soft X-ray flux. We find that radio-detected quasars are found in the same region of C IV
blueshift versus equivalent-width space as radio-undetected quasars, but that the loudest,
most luminous and largest radio sources exist preferentially at low C IV blueshifts. Addi-
tionally, the radio-detection fraction increases with blueshift whereas the radio-loud frac-
tion decreases. In the radio-quiet population, we observe a range of He II equivalent widths
as well as a Baldwin effect with bolometric luminosity, whilst the radio-loud population has
mostly strong He II, consistent with a stronger soft X-ray flux. The presence of strong He II
is a necessary but not sufficient condition to detect radio-loud emission suggesting some
degree of stochasticity in jet formation. Using energetic arguments and Monte Carlo simu-
lations, we explore the plausibility of winds, compact jets, and star formation as sources of
the radio quiet emission, ruling out none. The existence of quasars with similar ultraviolet
properties but differing radio properties suggests, perhaps, that the radio and ultraviolet
emission is tracing activity occurring on different time-scales.
This Chapter is based on the article:
A. L. Rankine, J. H. Matthews, P. C. Hewett, M. Banerji, L. K. Morabito, G. T. Richards
Placing LOFAR-detected quasars in C IV emission space: implications for winds, jets and star formation
MNRAS, Volume 502, Issue 3, April 2021, Pages 4154–4169
J. H. Matthews was instrumental in producing the bootstrapped curves in Fig 5.8 as well as the wind and SFR
Lbol–L144 relations and galaxy evolutionary tracks in Fig. 5.10. Matthews produced Fig. 5.9 and conducted the
Monte Carlo simulations outlined in Section 5.4.1 and produced the corresponding Fig. 5.11.
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5.1 Introduction
Quasars and active galactic nuclei (AGN) are widely considered important in galaxy forma-
tion models, interacting with their host galaxies via collimated radio jets or wide-angled
winds launched from the accretion disc. Both winds and jets are produced across all black
hole masses; however, their connection to accretion processes and disc physics is unclear.
As discussed in previous Chapters, accretion disc winds are most evident via the BALs
observed in quasar ultraviolet/optical spectra. Also evidence of disc winds is the blueshift-
ing of the C IV emission line. It is not yet clear how direct the connection is between the C IV
blueshift and the BALs; however, the strong correlations between the BAL and emission-
line properties reported in Chapter 3 suggest that BAL quasars are drawn from the same
parent population as non-BAL quasars.
AGN jets are studied through their radio emission, and radio sources can be categorised
based on their morphology, radio-loudness, and optical spectra (among other properties).
Results showing bimodality in the distribution of radio-loudness – the ratio of radio to op-
tical luminosity – by Kellermann et al. (1989) lead to the authors defining the radio-loud
population of quasars (see also Strittmatter et al., 1980). A series of studies have investi-
gated the distribution of radio-loudness and whether or not a clear bimodality exists. Gen-
erally, it is clear that the distribution cannot be fit by a single Gaussian, but the evidence
for a true bimodality or dichotomy is debated (Falcke et al., 1996; Brotherton et al., 2001;
Ivezić et al., 2002; White et al., 2007; Miller et al., 2011; Baloković et al., 2012; Gürkan et al.,
2019). What is known is that the radio-loud population is dominated by quasars with pow-
erful jets which have inflated large radio lobes; however, the importance of compact jets,
winds, and star formation in producing the radio emission of the radio-quiet quasars is still
unclear (see Panessa et al., 2019, for a review).
The radio-loud AGNs can be split into high and low excitation radio galaxies (HERGs
and LERGs) as determined by the optical emission line properties (Laing et al., 1994; Tad-
hunter et al., 1998; Buttiglione et al., 2010; Best & Heckman, 2012). HERGs typically refer to
AGNs in ‘quasar-mode’ in which the black hole is thought to accrete from an optically thick
and geometrically thin accretion disc. This mode can also be called ‘radiative-mode’ ow-
ing to the disc’s radiative efficiency. LERGs, on the other hand, are observed to have highly
energetic radio jets but an absence of strong emission lines that are otherwise present in
HERGs. Best & Heckman (2012) find HERGs and LERGs across all radio luminosities, al-
though with HERGs found preferentially at high radio luminosities, and they suggest that
Eddington fraction may be the main driver of the HERG/LERG dichotomy. Additionally,
the Fanaroff & Riley (1974) classification scheme splits radio galaxies into Fanaroff–Riley
type I (FR I) or Fanaroff–Riley type II (FR II) based on their morphology. The morphologi-
cal class depends on radio luminosity, with FR II sources more common at high luminosity
(Fanaroff & Riley, 1974; Ledlow & Owen, 1996), implying that jet power is one important
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factor, although more recent results have shown that a luminosity break between FR I/II
sources is far from clear (Best, 2009; Mingo et al., 2019). It has been suggested that the FR
I/II dichotomy might be driven by accretion rate or black hole spin (Baum et al., 1995), or
differences in the host galaxy or environment (Bicknell, 1995; Kaiser & Best, 2007). There
is growing evidence that environment is important (Hill & Lilly, 1991; Gendre et al., 2013;
Miraghaei & Best, 2017; Mingo et al., 2019), whereby jets with similar radio powers are more
likely to be disrupted in denser environments thus becoming morphologically classed as
FR Is (see e.g. Mingo et al., 2019; Hardcastle & Croston, 2020, for discussions).
The radio-quiet sources are arguably less well understood than the radio-loud ones,
since they are fainter and harder to spatially resolve. Star formation produces radio emis-
sion (e.g Condon, 1992; Thompson et al., 2006; Becker et al., 2009), and jets and star forma-
tion must contribute at some level to the radio-quiet emission, with possible other contri-
butions from disc winds (Stocke et al., 1992; Blundell & Kuncic, 2007; Zakamska & Greene,
2014) and X-ray coronae (Laor & Behar, 2008; Raginski & Laor, 2016). A review of these pro-
cesses is provided by Panessa et al. (2019). Whatever the origin of the emission, properly
characterising the radio-quiet population is critical for understanding the connection be-
tween quasar outflows and star formation. It is possible to rule out star formation as the
source of radio emission in sources where the flux measured on arcsec scales matches that
on milli-arcsec scales (e.g., Blundell & Beasley, 1998); however, this requires high resolution
radio observations. In addition, the well-known correlation between far-infrared luminos-
ity and radio luminosity, the far-infrared radio correlation (Helou et al., 1985; Yun et al.,
2001; Calistro Rivera et al., 2017; Gürkan et al., 2018; Read et al., 2018) means that radio
luminosity can be used as a star formation rate estimator in certain cases; understanding
the level at which this correlation is contaminated from AGN-driven mechanisms is again
important.
Although there have been attempts to combine winds and jets within a unified frame-
work (e.g. Giustini & Proga, 2019), the issue of how, in detail, jets and winds are produced,
related, and connected to the accretion disc remains fundamentally unclear. The C IV
blueshift can be used as an indicator of wind strength, with quasars exhibiting large and
positive blueshifts thought to host stronger accretion disc winds. Observations of radio-
loud quasars act as a probe of jet physics, whereas the C IV emission space is used to infer
properties of the accretion disc, broad-line region (BLR) and disc winds. Combining these
data therefore allows the connection between the AGN disc, jets, and winds to be stud-
ied. By investigating the radio properties of Sloan Digital Sky Survey (SDSS) DR7 quasars
from the Faint Images of the Radio Sky at Twenty-Centimetres (FIRST) survey (Becker et al.,
1995), Richards et al. (2011) were able to show that radio-loud quasars are concentrated
at low C IV blueshifts, thus suggesting radio-loud quasars often have little to no outflow-
ing wind. This behaviour is broadly consistent with the relative scarcity of radio-loud BAL
quasars (Stocke et al., 1992; Becker et al., 2000; White et al., 2007; Morabito et al., 2019).
Richards et al. (2011) also found radio-quiet quasars with low blueshifts and, in fact, very
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similar UV spectral energy distributions (SEDs) to the radio-loud quasars. Also using FIRST
and SDSS, Kratzer & Richards (2015), were able to show that the mean radio-loudness de-
creases with increasing C IV blueshift and argue that radio-loud and radio-quiet quasars
should not be compared without first taking into account non-radio properties. Stone &
Richards (2019) investigated instead the narrow C IV absorbers associated with the quasar
and found them to be as common in radio-quiet quasars as they are in radio-loud quasars,
suggesting that whatever physics governs the associated absorbers – whether they are evi-
dence of a failed accretion disc wind (e.g., Vestergaard, 2003) or winds from star formation
on kilo-parsec scales (Barthel et al., 2017) – it is unrelated, at least directly, to the radio emis-
sion (see also Chen et al., 2020, who found no correlation between the number of absorbers
in quasar spectra and radio-loudness).
Owing to the sensitivity of FIRST, Richards et al. (2011) were only able to investigate the
relationship between the UV and radio properties of the radio-loud population. With the
advent of the high-sensitivity Low-Frequency Array (LOFAR; van Haarlem & et al., 2013),
it is now possible to probe the radio-quiet population in more detail (e.g. Gürkan et al.,
2015, 2018, 2019; Morabito et al., 2019; Rosario et al., 2020). By combining LOFAR data with
the C IV emission line, we can therefore consider the relative contributions of winds, star
formation, and compact jets in the radio-quiet population and their relation to disc and
outflow processes. In addition, we can confirm whether or not the radio-loud population
behaves in the same way when observed at lower radio frequencies. Such an approach can,
in principle, lead to greater insight into quasar feedback and fuelling by untangling the ra-
dio emission produced by star formation from that of jets and winds, while simultaneously
studying the connection between star formation and the quasar accretion properties.
In this study, we have investigated the relationship between the low-frequency radio
emission and the rest-frame UV properties, in particular the C IV and He II emission line
properties of quasars observed by SDSS and part of the LOFAR Two-metre Sky Survey
(LoTSS). The Chapter is structured as follows. In Section 5.2, we describe the observational
data used in this study. The results are presented in Section 5.3 before a discussion of their
implications in Section 5.4. We define the spectral index, α, such that flux density Fν∝ να,
and use this definition throughout the Chapter.
5.2 Observational data
The LoTSS (Shimwell et al., 2017) is a low-frequency (144 MHz), high-sensitivity (median of
71µJy beam−1) survey with the aim of observing the entire northern sky. The first data re-
lease (LDR1; Shimwell et al., 2019) covers over 400 deg2 of the Hobby-Eberly Telescope Dark
Energy Experiment (HETDEX) Spring field and contains almost 320 000 radio sources. The
value-added catalogue contains optical identifications and morphological classifications
(Williams et al., 2019) as well as photometric redshifts and rest-frame magnitudes by com-





































































Figure 5.1: Two examples of SDSS DR14 spectra and the reconstructions from Chapter 2. The top panels con-
tain an example of a low-S/N (S/N' 5) quasar spectrum (black) and its reconstruction overplotted in red. The
residuals normalised by the noise [i.e., (spectrum−reconstruction)/noise] are also shown. In low-S/N spec-
tra, the reconstructions provide more robust measurements of the emission line parameters, in particular
the C IV blueshift (calculated from the flux-weighted median wavelength of the C IV emission) and equiva-
lent width (see Section 5.3.1 for details). The bottom panels contain an example of a quasar spectrum with
significant absorption of the C IV line. In such cases, the ICA components use priors based on the properties
of the C III]λ1909 complex to reconstruct the intrinsic C IV emission.
bining Pan-STARRS and WISE data (Duncan et al., 2019). Using data from LoTSS allows
us to investigate the low-frequency radio properties of SDSS quasars and examine trends
with their emission line properties. One of the great advantages of LOFAR is its lower ob-
serving frequency compared to surveys such as the FIRST survey (Becker et al., 1995). For
5σ detections, FIRST has a flux limit of 1 mJy at 1.4 GHz. LOFAR meanwhile, has a flux limit
of 0.35 mJy at 144 MHz (Rosario et al., 2020). However, LOFAR is effectively 10 times more
sensitive than FIRST to a compact radio source with α = −0.7 (Shimwell et al., 2019), with
the difference greater for steeper spectrum sources.
Our quasar sample was defined by identifying quasars in the SDSS DR14Q catalogue
(Pâris et al., 2018) lying within the '400 deg2 area of LDR1. To do this, we used the multi-
order coverage map generated by Morabito et al. (2019), allowing us to match the LoTSS
DR1 sample with SDSS DR14 quasars using the Pan-STARRS positions in the value-added
catalogue from Williams et al. (2019). SDSS DR16Q (Lyke et al., 2020) was published during
the time of writing. Our analysis for the DR14 quasars is made possible by our previous
work on reconstructing the spectra. Additionally, using DR16 would lead to an increase in
total sample size of only 15 per cent and an increase in the detected sample of only 8 per
cent within the redshift range of interest. Thus, using DR16 would require a substantial
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additional effort without changing our overall results. For these reasons, we chose not to
use DR16. The spectrum signal-to-noise ratio (S/N) of the SDSS DR14Q quasars covers an
extended range, with bright objects observed with S/N>20 per 69 km s−1 pixel while quasars
detected close to the SDSS-survey magnitude-limit possess S/N ® 2.
Ten-thousand four-hundred and thirty-eight of the 24 357 quasars here are included in
the sample used in Chapters 2 and 3. The majority of the additional quasars possess spec-
trum S/N below the threshold of five imposed for the sample in those Chapters. At such
low S/N, redshift determinations using the MFICA-scheme can possess large errors. Sys-
temic redshifts were therefore estimated using a set of 27 quasar templates spanning the
full range of morphologies of the C III]-emission complex shown in Fig. A.2, which, again,
deliberately exclude the C IV-emission line. The analysis presented in the rest of this Chap-
ter uses the quasars with S/N≥ 5. The analysis was also repeated using the sample over the
full spectrum S/N range and the results of the Chapter were unchanged.
Once systemic redshift estimates are available, the quasar spectra were reconstructed
using the same ICA-scheme presented in Chapter 2. See Fig. 5.1 for two example spec-
tra and their reconstructions. The spectrum-reconstructions essentially eliminate the un-
certainties resulting from the presence of absorption features coincident with the C IV-
emission. The effective S/N of the reconstructions is also significantly improved relative
to the observed spectra. C IV- and He II- emission parameters and bolometric luminosities
were calculated from the spectrum reconstructions. As a reminder, bolometric corrections
BC3000 = 5.15 and BC1350 = 3.81 from Shen et al. (2011) were applied, as appropriate, to the
rest-frame 3000 Å monochromatic luminosity or to the 1350 Å luminosity if 3000 Å is not
available in the spectra.
The S/N ≥ 5 quasar sample contains 10 547 quasars with redshifts 1.5 ≤ z ≤ 3.5 from
the SDSS DR14Q catalogue within the '400 deg2 of LDR1. Approximately 96 per cent of
the quasars (10 163) have reliable reconstructions and C IV measurements based on the
criteria detailed in Section 2.4.3. 1662 of the quasars have≥5σ LOFAR detections using the
peak flux densities from the value-added catalogue of Williams et al. (2019). 1528 of the
1662 detected quasars ('92 per cent) possess reliable ICA-based reconstructions. Our final
quasar sample is formed by the 10 163 quasars with S/N ≥ 5 and reliable reconstructions.
A summary of the quasar sample is presented in Table 5.1.
BAL quasars make up only'10 per cent of our sample and small-number statistics pre-
clude an effective investigation of the radio and ultraviolet emission properties of the BAL
quasars alone. A key result of Chapter 3 was the high degree of similarity in the ultravio-
let emission properties of the BAL and non-BAL quasar populations. The comparison of
the two populations was possible because of the effectiveness of the spectrum reconstruc-
tion scheme. We therefore use the spectrum reconstructions for the combined populations
in our analysis, although none of the conclusions presented in this Chapter change if the
analysis is confined to the non-BAL quasar population.
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Table 5.1: S/N ≥ 5 quasar sample
Number Fraction
All quasars 10 547 1
LDR1 detected 1662 0.16
LDR1 detected, reliable recons. 1528 0.14
5.3 Results
5.3.1 Radio detected sources in C IV emission space
In this section, we present the distribution of LOFAR-(un)detected quasars in the plane of
C IVλ1549 equivalent width (EW) against blueshift; hereafter referred to as the C IV emis-
sion space. The C IV parameters are calculated in the same manner as in Section 3.2.1. In
summary, a non-parametric approach is taken whereby the EW of the line is calculated
by integrating the continuum-subtracted spectrum reconstructions relative to the power-
law continuum. The use of the reconstructions means that there is no requirement for
fitting Gaussian profiles to the spectra. The blueshift of the line is calculated from the flux-
weighted median wavelength of the C IV emission relative to the systemic velocity of the
quasar. The C IV blueshift is often used to infer the strength of outflowing winds emanat-
ing from the accretion disc (e.g. Richards et al., 2011) with quasars with large blueshifts
having strong winds.
The distributions of LOFAR-detected and undetected quasars in C IV emission space
are shown in Fig. 5.2. The general distribution of all quasars in figure is consistent with
that seen in previous chapters: quasars can either have strong C IV emission (large EW)
or strong C IV outflows (large blueshifts), but not both. However, quasars with weak emis-
sion and no outflow signature also exist. Note that the sharp diagonal line in Fig. 5.2 is
the result of excluding quasars in the sparsely populated low-blueshift, low-EW corner of
C IV emission space.1 Upon dividing the sample into quasars with and without LOFAR de-
tections (see Section 5.2), it is evident that LOFAR-detected and undetected quasars can
be found across the same region of C IV emission space. However, Fig. 5.3 shows that the
radio-detection fraction increases with blueshift from'12 per cent at' 0 km s−1 to'40 per
cent at ' 3000 km s−1.
Is the correlation between radio-detection fraction and C IV blueshift a selection ef-
fect? Our quasar sample is dominated by objects targeted in SDSS-III/BOSS and SDSS-
IV/eBOSS. The target selection for the former survey maximised the surface density of
quasars at z > 2.15 (Ross et al., 2012) while the latter’s target selection was designed to
achieve a surface densities of∼70 deg−2 quasars for 0.9< z < 2.2,∼3–4 deg−2 for z > 2.1 and
1Quasars in this area of C IV emission space are typically FeLoBALs, have pathological spectra or have sub-
optimal reconstructions (see Section 2.4.3 for details).
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Figure 5.2: Distribution of quasars detected (red dots/contours) and undetected (blue dots/contours) by
LOFAR in C IV emission space. The detected and undetected quasars populate the same region of C IV space.
included targets with FIRST detections (Myers et al., 2015). Our sample includes quasars
at 1.5 ≤ z ≤ 3.5 and there is a mild correlation between C IV blueshift and (cosmological)
redshift. However, we are cautious not to quantify any evolution of the detection fraction
with redshift owing to potential selection effects resulting from the different target selec-
tions adopted by SDSS-III and -IV (but see Appendix D where we show that the detection
and radio-loud fractions as a function of C IV blueshift do not change qualitatively with red-
shift). We also test excluding the 14 quasars targeted purely for their FIRST detections as
well as limiting the sample to only BOSS quasars targeted as part of the CORE sample and
observe no qualitative changes in the detection or radio-loud fractions as a function of C IV
blueshift (see Appendix E).
Conversely, C IV blueshift is known to increase with bolometric luminosity (see con-
tours in Figs. 3.6 and 5.4) and the radio-detection fraction also increases with Lbol. How-
ever, Fig. 5.4 illustrates that the increase of radio-detection fraction is empirically found
with both Lbol and blueshift. The trend of increasing radio-detection fraction with Lbol is
stronger than with C IV blueshift but at fixed luminosity there is still a tendency for the
radio-detection fraction to increase with blueshift. We have checked that the dependence
of C IV blueshift on radio-detection fraction is still apparent when restricting the sample
to quasars with log10 Lbol < 45.5. However, at luminosities log10 Lbol > 45.75 the detection
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Figure 5.3: Radio-detection fraction (blue; left axis) and radio-loud fraction (orange; right axis) as a func-
tion of C IV blueshift in bins of 500 km s−1, with the two highest blueshift bins combined. 1σ uncertainties
are calculated using Poisson errors. Note that the scales of the left and right axes are different. While the
radio-detection fraction increases with blueshift, the radio-loud fraction decreases but with a more shallow
gradient.
fraction first decreases and then increases with increasing blueshift. This change in the be-
haviour of the detection fraction at low blueshifts is a result of removing quasars with large
C IV EWs from the sample when excluding quasars with low Lbol (see Fig. 3.6) thus preferen-
tially removing undetected quasars at low blueshifts (see Fig. 5.2). Hinted at in Figs. 5.2 and
5.4 is that the radio detection trend with blueshift at fixed EW is likely more complex than
the simple monotonic increase observed in the whole sample. It should be stressed that
here we are investigating a few key variables, namely C IV blueshift, He II EW, and bolomet-
ric luminosity, that are providing particular projections in what is likely a multidimensional
parameter space.






with radio luminosity Lrad and optical luminosity Lopt, has often been used as a proxy for
dividing radio sources into two populations: radio-loud sources have powerful, large-scale
FR II-type jets (Fanaroff & Riley, 1974), and radio-quiet sources can have FR I jets but also
other radio emission mechanisms (which can include star formation).
78 CHAPTER 5. LOFAR-DETECTED QUASARS IN C IV EMISSION SPACE
−1000 −500 0 500 1000 1500 2000 2500 3000







































Figure 5.4: Radio-detection fraction as a function of C IV blueshift and bolometric luminosity. Bins with 10
or more quasars are plotted and the contours illustrate the distribution of objects in C IV blueshift-Lbol space.
The detection fraction increases with blueshift and Lbol. While this trend is stronger with the latter, there is
still a trend of increasing detection fraction with blueshift at constant Lbol.
A threshold that minimises the overlap in each sample can be used as a crude cut to
separate radio-quiet from radio-loud sources, although with contamination in both sam-
ples. An appropriate value is often identified from a dip in the overall distribution of radio-
loudness, and the classical radio-loud threshold is log10 R = 1 at 5 GHz (Kellermann et al.,
1989). We have extrapolated this threshold to 144 MHz using the typical synchrotron spec-
tral index of −0.7 to define a radio-loud threshold of log10 R = 2 for our sample. Figure 5.5
provides an illustration of example radio SEDs and their corresponding radio-loudness
measurements.
In Fig. 5.6, we again show the C IV emission space, now dividing the quasar sample
into radio-loud and radio-quiet sources. Here we use the SDSS i -band magnitude, corre-
sponding to rest-frame 2500 Å for the median redshift of the sample, to calculate the opti-
cal luminosity. Radio luminosities are calculated from the integrated flux densities in LDR1
and utilise the ICA- and template-derived spectroscopic redshifts described in Section 5.2.
Both radio and optical luminosities are k-corrected to z = 0 using spectral indices−0.7 and
−0.5, respectively. In addition to the detected radio-quiet quasars, we also included the
undetected radio-quiet sources by estimating the upper limit on log10 R by calculating the
radio luminosity at the flux limit of 0.35 mJy for the undetected objects. Eight-thousand
six-hundred and thirty-one undetected objects with an upper limit of log10 R < 2 are in-
cluded in the radio-quiet population for the remainder of this subsection. Four undetected
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Figure 5.5: Radio-to-UV SEDs in the quasar rest-frame. The vertical grey bands, from left to right, rep-
resent the observed frequencies of LOFAR, FIRST, and SDSS i -band for the redshift range of the sample
(1.5 < z < 3.5). The FIR-UV template (black) is the QSO1 template from the SWIRE library (Polletta et al.,
2007), normalised in the i -band. Radio-loud and radio-quiet SEDs with spectral indices α = 0,−0.7,−1 are
plotted in red and blue, respectively. The orange (green) crosses and dot-dashed lines mark the observed LO-
FAR and i -band fluxes for a log10 R = 3 (= 0.8) source at z = 2. The radio-loud threshold is plotted as the black
dashed line where the classical log10 R = 1 threshold has been extrapolated from 5 GHz to 144 MHz. It is clear
from the α = 0 radio-quiet SED that assuming a spectral index and extrapolating the radio-loud threshold
from 5 GHz could lead to movement for some sources across the threshold between surveys.
quasars have upper limits of log10 R > 2 with the potential to be radio-loud and thus are
not included in either sample. While radio-loud quasars are present at all locations in C IV
emission space, they are concentrated at low C IV blueshifts (< 500 km s−1). The radio-loud





where the denominator includes the number of undetected radio-quiet quasars (NRQ,undet)
as well as the number of detected radio-quiet (NRQ,det) and radio-loud (NRL,det) quasars. The
radio-loud fraction as a function of C IV blueshift is presented in Fig. 5.3 and is shown to
decrease from around 4–5 per cent to < 1 per cent as blueshift increases from ' 0 to '
3000 km s−1, in qualitative agreement with Richards et al. (2011) and Kratzer & Richards
(2015) using FIRST.
We experimented with different radio-loud thresholds and although the results change
80 CHAPTER 5. LOFAR-DETECTED QUASARS IN C IV EMISSION SPACE
−1000 0 1000 2000 3000 4000




















Figure 5.6: Radio-loud (red dots/contours) and radio-quiet (blue dots/contours) quasars in C IV emission
space. Radio-loud and radio-quiet quasars can be found in the same region of C IV space that the undetected
quasars populate but the radio-loud quasars are skewed towards lower C IV blueshifts than the radio-quiet
sources.
quantitatively, the conclusions of this Chapter are unchanged. In particular, we investi-
gated radio-loud thresholds of log10 R = 1.8 and 2.8, for which the overall radio-loud frac-
tion changed to ∼ 0.037 and ∼ 0.014, from ∼ 0.029 for log10 R = 2. At the low frequency of
144 MHz investigated here, the lobes tend to dominate the radio emission (Blundell et al.,
2000) in the radio-loud sources and so by increasing the radio-loud threshold, the radio-
loud sample will be biased towards steeper spectrum sources (more negative spectral in-
dices) which are likely to be more edge-on. Despite this, the trends presented in Fig. 5.3
and throughout the Chapter do not change qualitatively.
The design goal of FIRST was to achieve sufficient sensitivity to detect sources above the
break in the radio logN-logS curve which include essentially all radio-loud objects bright
enough to be included in the SDSS spectroscopic quasar survey (see Becker et al., 1995,
section 3.2). For 5σ detections, FIRST has a flux limit of 1 mJy at 1.4 GHz, as compared to
LOFAR’s 0.35 mJy at 144 MHz (Rosario et al., 2020). As a result, FIRST is mostly sensitive to
the radio-loud population, and all FIRST-detected sources are also detected in LOFAR un-
less they have inverted spectra with α ¦ 0.46. Not all LOFAR-detected, radio-loud sources
are detected in FIRST, due to the combination of sensitivity and observing frequency —
such sources can either be fainter overall, or sufficiently steep spectrum such that they
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Figure 5.7: The distribution of FIRST-detected sources (blue dots/contours) is identical to the distribution
of radio-loud sources in LOFAR (red crosses/contours; same as in Fig 5.6) in C IV emission space. All FIRST-
detected sources are also detected in LOFAR unless they have inverted spectra with α¦ 0.46.
could not be detected by FIRST. We have matched the SDSS quasars that are in the LO-
FAR footprint to FIRST using the nearest-neighbour LOFAR–FIRST matching procedure de-
scribed in section 2.4 of Morabito et al. (2019). Figure 5.7 demonstrates that the radio-loud
sources that are detected in LOFAR have an extremely similar distribution in C IV emission
line space to the FIRST-detected sources. This similarity suggests that the LOFAR-detected
radio-loud sources are an extension of the FIRST-detected population studied by Richards
et al. (2011), even though these sources have fainter radio emission at 1.4 GHz compared
to FIRST-detected objects. Equivalently, it implies that, when a reasonable radio-loudness
cut is applied, the two observing frequencies are tracing similar AGN phenomena since the
location in C IV emission space is predicated upon the properties of the quasar which could
be related to the origin of the radio emission. Additionally, the similar distributions of the
LOFAR-detected and FIRST samples when changing the radio-loud threshold implies that
the exact value for the threshold does not significantly affect the results.
5.3.3 Radio properties in C IV emission space
Figure 5.8 contains the C IV emission space populated by the LOFAR-detected quasars, re-
vealing trends with blueshift for various radio properties. The radio luminosity (left-hand
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Figure 5.8: Top: C IV emission space for detected sources with points coloured, from left to right, by log10 L144,
log10 R and (resolved) largest linear size. Bottom: The respective radio property of the detected sources in the
top panels against C IV blueshift (blue points). Note that the middle panel with log10 R on the left y -axis has
the corresponding αro values on the right y -axis. Quasars with LOFAR Galaxy Zoo sizes (see text for details)
are plotted as triangles in the right-hand panels (and red in the bottom panel). The mean log radio-property
in bins of width 500 km s−1 are plotted in orange with the standard error on the mean. The grey lines are 1000
‘bootstrapped curves’: the number of objects in each bin is controlled by randomly choosing N objects per
bin, where N is the number of objects in the highest C IV blueshift bin, and plot the mean.
panels) reveals that low-luminosity radio emission can be found in quasars across the C IV
emission space but quasars with high-luminosity radio emission typically exist at the low-
blueshift end of observed C IV emission profiles. We ascertain that the lack of radio-bright
quasars with high blueshifts is not an artefact of fewer quasars overall in this region of C IV
emission space by performing bootstrap sampling in bins of width 500 km s−1, where the
number of samples in each bin is controlled by the number of objects in the highest C IV
blueshift bin. The mean log radio-luminosity of the samples in each bin is calculated. The
bootstrapping is repeated 1000 times, producing the 1000 grey curves in the lower left-hand
panel of Fig. 5.8. The curves are consistent with no maximally-luminous sources at high
blueshift and in qualitative agreement with the trend in the mean radio luminosity of de-
creasing L144 with increasing blueshift in the whole population. Note that the calculation
of the mean and bootstrapping is performed using the log of the radio parameters, but con-
clusions based on the panels in Fig. 5.8 are unchanged if the analysis is performed on the
linear radio parameters.
The bolometric luminosity is known to increase with blueshift (see Fig. 3.6 and the con-
tours in Fig. 5.4). However, the decrease in the mean of log10 R with blueshift (middle pan-
els of Fig. 5.8) demonstrates that quasars with little to no outflowing component of C IV are,
on average, more radio-luminous relative to their optical luminosity than the quasars with
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a significant outflowing component. We have verified that this correlation with blueshift
holds even after taking the increasing average optical luminosity into account, as would be
expected from the fact that the mean radio luminosity also decreases with blueshift (left-
hand panel of Fig 5.8). Again, the bootstrap sampling of log10 R illustrates the decreasing
average radio-loudness with increasing blueshift (consistent with Kratzer & Richards, 2015)
is not caused by fewer quasars at high blueshifts. Alongside log10 R , we calculate αro, the








with radio luminosity, Lrad, at λrad = 2 m, and optical luminosities derived from SDSS i -
band photometry (λopt = 7625 Å). The radio-loud threshold of log10 R = 2 is equivalent to
αro ' −0.31, with more radio-loud objects having more negative αro values. We label the
right-hand axis of the lower panel of the middle column of Fig. 5.8 with the equivalent αro
values for log10 R .
The existence of at least two populations is clear from the bottom left and middle panels
of Fig. 5.8. There is a clear division at L144 = 1026 W Hz−1 across all C IV blueshifts. On the
contrary, a division in radio-loudness appears to be dependent on C IV blueshift suggesting
that the radio-loud threshold should decrease with blueshift rather than being a constant
value. We choose not to adopt a blueshift-dependent radio-loud threshold in order to be
consistent with previous work.
In the right panels of Fig. 5.8, we present the projected largest linear size (LLS) of the re-
solved radio emission. Where available, the LOFAR Galaxy Zoo sizes (Williams et al., 2019)
are used and are presented as triangles (and red in the lower right panel). By design, the
quasars selected for analysis with Galaxy Zoo typically have large radio sizes. All other radio
sizes are calculated from twice the full width at half-maximum of the deconvolved major
axis [see section 2.1 of Hardcastle et al. (2019) for why the doubling is required] presented
as (blue in lower right panel) circles. There is a trend of decreasing LLS with increasing
blueshift, and, at high blueshifts, there are no sources large enough to be resolved by LO-
FAR. LoTTS has a resolution of 6 arcsec, which corresponds to ∼ 50 kpc at z = 2, similar
to FIRST, and is of the order of host galaxy scales. The sources with measurements from
LOFAR Galaxy Zoo extend much farther than typical host galaxy sizes, with the largest LLS
' 1 Mpc. The smaller resolved sources are also larger than the host galaxies.
In Fig. 5.8, we plotted mean radio luminosity in bins of C IV blueshift, but the mean can
be misleading since there are multiple radio populations contributing. The black points in
Fig. 5.9 show the mean and median values of log10(L144) in bins of blueshift for the whole
sample, showing a decreasing mean log10(L144) and a flat or perhaps marginally increasing
median log10(L144) as C IV blueshift increases. Also in Fig. 5.9, we plot mean and median
log10(L144) against C IV blueshift after applying cuts to the sample of log10 R < 2 and, sepa-
rately, L144 < 10
26 W Hz−1 (red and blue points). The cut in log10 R removes the radio-loud
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Figure 5.9: The mean and median values of log10(L144) as a function of blueshift, using the same 500 km s
−1
bins as in Fig. 5.8, with various cuts applied to the data. Error bars show the bin size and the standard error
on the mean. The mean and median from the whole sample is shown in black; the mean black curve is
identical to that in the bottom left panel of Fig. 5.8. For the whole sample, the mean curve decreases with C IV
blueshift as in Fig. 5.8, whereas the median marginally increases. The red and blue curves show the mean and
median log10(L144) for sources with log10 R < 2 (blue) and L144 < 10
26 W Hz−1 (red). The radio-quiet and low-
luminosity sources evolve differently across C IV emission line space to the luminous, radio-loud population.
population shown in the middle panels of Fig. 5.8. The luminosity cut removes mostly radio
galaxies with powerful jets; however, less powerful jets do exist down to L144 ' 1022 W Hz−1
(see fig. 5 of Mingo et al., 2019). Both cuts produce increasing mean and median L144
with blueshift illustrating that the low-luminosity and radio-quiet quasars correlate with
blueshift in a different manner from the luminous and radio-loud population. Different
correlations for different populations is consistent with the differing trends in radio-
detection and radio-loud fractions observed in Fig. 5.3.
5.3.4 He II properties and size-luminosity diagrams
The strength of the He IIλ1640 recombination line is indicative of the strength of the soft
X-ray SED (Leighly, 2004). The strong anticorrelation between C IV blueshift and He II EW
in described in Section 3.2.2 (see also Baskin et al., 2013, 2015) suggests that winds can
only be launched in quasars which have weak soft ionising SEDs such that material can be
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accelerated by line driving with electrons remaining bound to the nuclei. In this section, we
investigate the relationship between the strength of the He II line and the radio emission.
Figure 5.10 (left-hand panel) illustrates the relationship between the He II EW and the
radio and bolometric luminosities. There are two populations in Lbol-L144 space: the radio-
loud (triangles) and radio-quiet (circles) quasars. The radio-quiet quasars follow the trend
of increasing radio luminosity with increasing bolometric luminosity, which is by defini-
tion for the upper envelope of the radio-quiet quasars since log10 R sets the dividing line
between loud and quiet sources. However, the lower envelope of the radio luminosity is
also increasing with Lbol, which, if not a selection effect, suggests that log10 R should be
favoured over radio luminosity for defining the radio-loud population (see Baloković et al.,
2012). There is also evidence for decreasing SED hardness via the decrease in He II EW as
Lbol increases. The anticorrelation between Lbol and He II EW is not unlike the Baldwin ef-
fect (Baldwin, 1977). As expected from the radio-loud definition, the radio-loud quasars
are scattered to higher radio luminosities and show no evidence for a trend with Lbol. Note
there is not a sharp dividing line between the radio-loud and radio-quiet populations since
log10 R is calculated using L2500, which is determined from the SDSS photometry, while Lbol
is calculated from the spectra. The radio-loud quasars typically have strong He II emission,
indicating a hard ionising continuum, which could suggest that jets and SED shape are
correlated with the same underlying physics (see Section 5.4.3).
In the middle panel of Fig. 5.10, we plot the radio luminosity against LLS with points
coloured by He II EW. This size–luminosity plot is often referred to as a P-D diagram and
is useful for studying the evolution of sources as well as the origin of the radio emission
(e.g., Baldwin, 1982; Blundell et al., 1999; An & Baan, 2012; Hardcastle et al., 2019; Hard-
castle & Croston, 2020). Again we see two clouds of points: quasars with relatively small
(® 100 kpc) and faint radio emission (® 1026 W Hz−1), the majority of which are unresolved
such that the sizes are upper-limits; and a second cloud of large and bright radio sources
(¦ 100 kpc and ¦ 1027 W Hz−1). The small-size, low-luminosity cloud covers the full range
of He II EWs, while the large and bright cloud in the upper right is populated, almost exclu-
sively, with quasars that have strong He II emission. The distribution of He II EW across the
radio-loud and -quiet populations could be a sign that jets are semi-stochastic: they can
form in high He II EW sources but are not required to (see Section 5.4.2). The strong corre-
lation between C IV blueshift and He II EW identified in Section 3.2.2 means that Fig. 5.10
is qualitatively unchanged if we replace He II EW with C IV blueshift, allowing it to be in-
ferred that quasars with strong winds do not host bright, extended radio emission. Stocke
et al. (1992) arrived at this same conclusion using BALs as their evidence for winds. See also
Mehdipour & Costantini (2019) who report an anticorrelation between the column density
of ionised X-ray winds and the radio-loudness parameter.
We also show a size-luminosity diagram, with points coloured by log10 R , in the right-
hand panel of Fig. 5.10, together with radio galaxy evolutionary tracks. The tracks are calcu-
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Figure 5.10: Left: Radio luminosity against bolometric luminosity. Circles (radio-quiet) and triangles (radio-
loud), all coloured by log10(He II EW). In radio-quiet quasars, radio luminosity is correlated with bolometric
luminosity, both of which are anticorrelated with He II EW, covering the full range in He II strength. The radio-
loud quasars host more stochastic radio emission and favour strong He II emission. The red dashed line and
blue band illustrate the expected radio emission from winds and star formation (see Sections 5.4.1 and 5.4.1).
Middle: Radio luminosity against LLS. Circles are resolved sources and leftward arrows are unresolved. All
unresolved LLS values are upper limits. Quasars with big/extended and bright radio sources typically have
strong He II emission while small/compact and faint radio emission is hosted by quasars with a range of
He II line strengths. Right: Same as middle panel but with circles (resolved) and leftward arrows (unresolved)
coloured by log10 R . Radio galaxy evolutionary tracks calculated from the models of Hardcastle (2018) at z = 2
are plotted.
lated from the models of Hardcastle (2018) for three different jet powers (1037,1038,1039 W)
and evolved for 500 Myr in an environment defined using the universal pressure profile
of Arnaud et al. (2010). We conduct the calculations at z = 2 and adopt a cluster mass of
M500 = 2.5× 1013 M with a temperature of kB T = 1 keV. These parameters are chosen so
the tracks act as z = 2 analogues to the z = 0 tracks in figure 8 of Hardcastle et al. (2019),
and the aim is to give a feel for the size-luminosity evolution of jets with different powers in
a group environment. The evolutionary tracks assume a jet-origin for the radio emission;
however, we do not argue that this is the case. The right-hand panel of Fig. 5.10 shows
that radio-quiet quasars are not simply younger, compact versions of the jetted radio-loud
quasars – if the jet power is roughly constant. As sources get larger, their radio luminosity
instead decreases for a given jet power, suggesting that any evolutionary link between the
two populations would require a substantial change in jet power output. The tracks also
show the typical jet powers required to produce the observed L144 in radio-quiet and radio-
loud sources (although caution should be employed when estimating jet powers from ra-
dio luminosity, see e.g., Hardcastle & Croston 2020). Taking the modelled jet powers at face
value implies that radio-loud quasars require kinetic powers comparable to their total ra-
diative outputs, whereas the radio-quiet sources can, unsurprisingly, be powered by much
weaker jets.
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5.4 Discussion
Our investigation into the low-frequency radio and ultraviolet emission line properties of
a sample of SDSS quasars allows for a discussion about the origin of the radio emission,
the relative importance of jets, winds, and star formation and the physical drivers of the
observed trends with C IV and He II properties.
5.4.1 Origin of radio emission
Radio emission can come from multiple different sources. As discussed in the previous
section, the radio-loud sources are typically large and luminous, whereas the radio-quiet
quasars are often unresolved, suggesting fairly compact sources with low radio luminosi-
ties. It is well known that the radio emission in radio-loud quasars is dominated by jets;
however, the origin of the radio in radio-quiet quasars is unknown and could be a com-
bination of star formation, winds, and jets (see Panessa et al., 2019, for a review). In this
section, we discuss, in turn, the plausibility of these mechanisms as possible sources of the
radio luminosities observed in our quasar sample, focusing specifically on the radio-quiet
population.
Star formation
Radio emission from star formation can be produced by synchrotron radiation from non-
thermal electrons accelerated in supernova remnant shocks, as well as free-free emission
from H II regions ionised by massive stars (see Condon, 1992, for a review). At the frequen-
cies considered here, the non-thermal synchrotron component dominates. One way of
calibrating the amount of radio emission produced by a given star formation rate (SFR) is
from the far-infrared radio correlation (FIRC; Helou et al., 1985; Yun et al., 2001) where the
origin of the far-infrared emission is assumed to be from hot dust heated by young stars
and supernovae (e.g., Harris et al., 2016). Using spectral modelling combined with LOFAR
data, Calistro Rivera et al. (2017) find the relationship
SFR144
M yr−1




where q (z ) = 1.72× (1+ z )−0.22 is a factor accounting for the redshift evolution of the FIRC.
Using this relation, we can estimate the SFR needed to produce the radio emission in the
cloud of radio-detected, radio-quiet quasars. These quasars have typical radio luminosities
of L144 ∼ 1025 W Hz−1, which from equation 5.4 requires SFR' 300 M yr−1 at z = 2. This SFR
is quite high, but not unreasonable for a quasar in our redshift range; for example, Harris
et al. (2016) infer ' 300 M yr−1 at z = 2− 3 and Stanley et al. (2017) find ' 50− 250 M yr−1
at z = 1.5−2.5. Harris et al. (2016) find their results are consistent with the main sequence
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Figure 5.11: A histogram in radio luminosity, showing the sources from our sample compared to the sim-
ulated population from the Monte Carlo simulations described in Section 5.4.1. The dotted line marks
L144 = 1026 W Hz−1, above which sources were not included in the simulation (although the data are still plot-
ted). The figure shows that star formation rates of ' 300 up to 1000s of M yr−1 can plausibly produce the
radio emission up to L144 ∼ 1026 W Hz−1. The limitations of the method, which is intended to be illustrative,
are discussed briefly in the text. The relation to the radio luminosity function is discussed in Section 5.4.1.
of star-forming galaxies. Higher SFRs (¦ 1000 M yr−1) have also been measured in both
quasar hosts (Pitchford et al., 2016) and radio galaxies (Drouart et al., 2014). Inevitably, it is
the most star-forming radio-quiet quasars that will be radio-detected, so the typical SFR of
the bulk of the radio-quiet quasars could still be significantly lower than the SFR required
to produce radio emission at the L144 ¦ 1025 W Hz−1 level.
To explore the contribution of star formation further, we conducted a simple Monte
Carlo (MC) simulation. Our approach is similar in spirit to the MC simulations carried out
by Rosario et al. (2020), although our method is a little different. We first discard all quasars
with L144 > 10
26 W Hz−1, and, for every quasar in the remaining sub-sample, we draw a SFR
from a log-normal distribution. We convert this to a rest-frame L144 using equation 5.4
and then to an observer-frame flux density, and ask whether this source would be radio-
detected at that quasar’s redshift, based on its predicted total flux density. The quasars
with L144 < 10
26 W Hz−1 are mostly unresolved, so their peak and total flux densities are
comparable. We find the flux limit of 0.35 mJy quoted by Rosario et al. (2020) reproduces
the radio-detection fraction fairly accurately when applied as a cut to the total flux density,
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so we use this value for our Monte Carlo simulations. We carry out the above process 100
times for each quasar, and renormalise when comparing to the observational data. We can
then build a histogram for each pair of SFR distribution moments, masking bins with < 6
counts, and fit for the two moments using a simple χ2 minimisation.
The results of this exercise are shown in Fig. 5.11. The aim here is not to produce a
statistically good fit or infer parameters, rather to ascertain if star formation is a plausible
origin of the radio emission in radio-quiet quasars. We found the best-fitting parameters
correspond to a median SFR of ≈ 30 M yr−1, a mean SFR of ≈ 420 M yr−1, and a standard
deviation in log-space of ≈ 1 dex. The best-fitting reduced-χ2 was χ2/d.o.f.≈ 2. While not
formally a statistically acceptable fit, the model reproduces the shape and normalisation of
the observed data histogram. As a result, it also produces a radio-detection fraction (≈ 13
per cent) comparable to that observed (with luminous radio sources not included). Our
approach is clearly fairly crude; it does not account for a number of systematic effects, such
as the SFR dependence on redshift, source structure/morphology, or a different, perhaps
multimodal, SFR distribution. Additionally, far-infrared luminosity has been observed to
correlate with the C IV blueshift (Temple et al., 2021) which could suggest that, at these
redshifts, the far-infrared emission is driven by the AGN, perhaps in the form of kpc-scale
AGN-heated hot dust (Symeonidis, 2017). Nevertheless, the simulations still come close
to reproducing the observations, suggesting that the radio emission in radio-quiet quasars
can plausibly be produced by star formation, provided that median SFRs of ' 30 M yr−1 in
all quasars, and ' 300 M yr−1 up to 1000s of M yr−1 in the radio detected sources, can be
accommodated. It is also likely that multiple different mechanisms are operating across
the population, and we are not accounting for any contributions from winds or jets.
Winds
Disc winds can produce radio emission through free-free emission (Blundell & Kuncic,
2007) or synchrotron emission from shocks (Stocke et al., 1992; Zakamska & Greene, 2014;
Nims et al., 2015). In the former case, super-Eddington accretion (and/or possible clumpi-
ness) is generally required to produce high enough radio luminosities to make a signifi-
cant contribution to the core radio luminosities that are observed, so while free-free emis-
sion may be important in some sources, it is generally less efficient at converting kinetic
power from a wind into radiation. Considering electron acceleration at shocks, Nims et al.
(2015) provide an estimate of the radio luminosity produced by a wind with kinetic power
Lk ∼ 0.05Lbol, suggesting Lradio ∼ 10−5Lbol. This relationship is plotted in the left-hand panel
of Fig. 5.10. To get this estimate, the authors assume 1 per cent of the shock power goes into
non-thermal electrons (based on what is observed in supernova remnants) and that these
electrons radiate in a 3 mG magnetic field. The kinetic luminosity is also uncertain and the
true outflow prevalence or wind covering fraction is not known, both of which would in-
fluence the radio emission. Thus, while the assumed values are reasonable guesses, there
90 CHAPTER 5. LOFAR-DETECTED QUASARS IN C IV EMISSION SPACE
is significant room for manoeuvre in the estimated radio luminosity. The fact that the dot-
ted red line coincides with the cloud of radio-quiet points in Fig. 5.10 should therefore be
interpreted with caution; it is a demonstration that disc winds possess sufficient power to
contribute to radio emission in that regime, but does not constitute actual evidence of such
a contribution.
Weak and/or compact jets
Jets from AGN dominate the high luminosity, radio-loud AGN population, but jets also pro-
duce radio emission at lower luminosities. For example, Mingo et al. (2019) show that, even
though FR II radio galaxies are preferentially found at high luminosity, both FR I and FR II
jetted sources can be found right down to L144 ∼ 1022 W Hz−1, significantly below the tra-
ditional FR luminosity divide. The lower-luminosity FR I and FR II sources are also more
compact. In recent years, a population of compact, lower-luminosity sources thought to
be associated with weak jets have been identified (e.g. Sadler et al., 2014; Baldi et al., 2015,
2018), often referred to as ‘FR 0’ radio galaxies. Various other classes of compact radio
galaxies have also been identified. Compact steep-spectrum sources (CSS) and gigahertz
peaked sources (GPS) are quite powerful at 1.4 GHz and are generally unresolved in all-sky
radio surveys (O’Dea et al., 1991; O’Dea, 1998; Orienti, 2016; O’Dea & Saikia, 2021). These
sources could be young or frustrated versions of larger jetted radio galaxies, and might be
responsible for some of the more powerful compact, unresolved sources in our sample.
In addition, excess AGN activity has been invoked to explain the differences in radio
properties between red and blue quasars (Klindt et al., 2019; Fawcett et al., 2020; Rosario
et al., 2020), and Jarvis et al. (2019) have demonstrated that many radio-quiet quasars have
their radio emission dominated by the AGN rather than star formation (see also White et al.,
2015, 2017; Herrera Ruiz et al., 2016; Gürkan et al., 2018; Morabito et al., 2019; Smith et al.,
2020). Molyneux et al. (2019) also find a connection between ionised galaxy-scale outflows
and compact radio emission, suggesting weak or young jets as the cause. As already dis-
cussed, however, compact AGN radio emission does not always have to be attributable to
jets and could instead be related to winds or some other AGN phenomena. Nevertheless,
since the population of jetted radio-loud sources is likely to extend down to lower radio
luminosities, we expect some fraction of the radio-quiet sources to have their emission
dominated by jets with powers a few orders of magnitude lower than those in the large, lu-
minous sources (see right-hand panel of Fig. 5.10). As mentioned previously, these cannot
simply be young versions of the radio-loud population if the jet power is roughly constant.
The multiple possible contributors to radio-quiet emission
The above arguments, and the left- and right-hand panels of Fig. 5.10 in particular, in-
dicate that disc winds, jets, and star formation are all energetically capable of producing
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compact, unresolved radio emission with L144 ∼ 1024−26 W Hz−1. It is hard to distinguish
further between the possible contributors, although comparison to the radio luminosity
function is instructive. At low redshift and at 1.4 GHz, there is a transition between star-
forming galaxies and radio AGN at a break luminosity around 1023 W Hz−1 (Mauch & Sadler,
2007; Kimball et al., 2011; Heckman & Best, 2014). This break luminosity probably shifts to
higher luminosities in quasar hosts (Condon et al., 2013) and at higher redshift, because
the SFR is expected to increase, thus the contribution to the radio greater. The lower ob-
serving frequency should also increase individual source luminosities (due to the shape
of the radio SEDs) and a higher luminosity transition between star-forming galaxies and
radio-loud AGN is indeed measured by Hardcastle et al. (2019) using LOFAR data. It is
therefore plausible that the apparent break in the histogram of L144 in Fig. 5.11 at around
log10(L144) ≈ 26− 26.4 corresponds to the transition between star formation and AGN jets
dominating the radio emission. However, there are also multiple overlapping contribu-
tions from AGN jet (Jarvis & Rawlings, 2004; Simpson, 2017) – and possibly wind – popula-
tions. We therefore do not favour one specific scenario or single origin for the radio-quiet
emission, although we discuss what might drive the observed correlations in Section 5.4.3.
Furthermore, the relative dominance of AGN and star formation might change as a func-
tion of luminosity even in the radio-quiet population. What we can be sure of is that there
are at least two overlapping populations, so as to explain the clear increase in source num-
bers below 1026 W Hz−1 (Fig. 5.11) as well as the opposing trends shown in Fig. 5.3. This
idea is consistent with the studies referenced above and can be studied in more detail with
future LOFAR data releases. Multi-wavelength studies of the radio-quiet quasars will help
to disentangle the sources of the radio emission in this population.
5.4.2 Stochasticity and time-scales
At a given location in C IV emission space, quasars tend to have very similar rest-frame UV
properties; however, radio properties can differ substantially, to the extent that sources are
found on both sides of the radio-quiet/radio-loud and LOFAR-detected/undetected divi-
sions at any given location in the parameter space. One way of explaining this is that the ra-
dio and UV properties trace stochastic processes operating on different time-scales (Nipoti
& Binney, 2005). We can explore this hypothesis further by considering the relevant physi-
cal time-scales in the system.
For jets, there are two important time-scales: the first being the time-scale over which
the jets grow. Typical advance speeds for FR II sources are of a few per cent of the speed of
light (e.g. Harwood et al., 2017) suggesting lifetimes around 100 Myr for a (two-sided) LLS
of 600 kpc (assuming the jet-axis is orthogonal to the line-of-sight).
The second important time-scale is the synchrotron cooling time. Whatever the en-
ergy source for the radio emission, the radiation is likely to be synchrotron emission from
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shock-accelerated electrons. The synchrotron cooling time for electrons with a character-
istic emission frequency νc is given by








where B is the magnetic field strength. The value of B here is uncertain and depends on
the origin of the radio emission. For large-scale radio galaxies, magnetic field strengths of
∼ 10µG are typical (Croston et al., 2005; Harwood et al., 2016). For these characteristic field
strengths, and for the radio frequencies considered here (144 MHz for LOFAR and 1.4 GHz
for FIRST), we might expect the synchrotron emission to trace jet activity on '10–100 Myr
time-scales. The picture is more complicated than this as adiabatic expansion and cooling
will be more important for some sources as the lobes expand (e.g., Blundell & Rawlings,
2000).
The time-scale for jet growth and τsync for the magnetic field strengths above are only
applicable to the radio-loud sources; in the radio-quiet
sources the corresponding time-scales are different and depend on the mechanism respon-
sible for the radio-quiet emission. Magnetic fields in star-forming galaxies range from µG
levels to 100s of µG (Thompson et al., 2006), but in quasar winds there are few observa-
tional constraints (although Nims et al., 2015, adopt ∼ 3 mG which would reduce τsync to
≈ 0.02 Myr). Compact, galaxy-scale jets and quasar-driven winds inevitably have shorter
dynamic time-scales than large-scale radio galaxies, while a typical star formation time-
scale is ≈ 10 Myr and cannot be too much longer than this for the high SFRs considered
here.
To consider the relationship between the UV and the radio emission, we must discuss
the time-scales that are important for the UV emission. The UV emission line properties
are determined by the physics of the accretion disc, the broad-line region and the putative
outflow. One relevant time-scale is the viscous time-scale in a thin α-disc (e.g. Shakura &
Sunyaev, 1973; Frank et al., 2002), given by











where αvisc is the standard viscosity parameter, H /R is the disc aspect ratio, R is the radius,
and cs is the sound speed, and we have chosen typical values for ≈100 gravitational radii
in a thin disc around a 109 M black hole. Other time-scales relevant for the disc are the
thermal and dynamical time-scales, both of which are generally much shorter than τvisc
(Frank et al., 2002). In the case of large-scale jets producing the radio emission, τsync is
much longer than any of the time-scales associated with the disc and BLR.
We can expect that radio emission from large-scale lobes and jets traces longer time-
scales than the UV and optical emission from the accretion disc and BLR more trivially
from the sizes of, and light travel times across, the respective emission regions. Similarly,
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it is fairly natural for the star formation and quasar activity time-scales to be decoupled
as discussed by, e.g., Pitchford et al. (2016). A disconnect between the radio and UV prop-
erties is reasonable if the UV properties change on time-scales shorter than, say, τsync; for
example, if quasars ‘flicker’, or change between different accretion states. It is well known
that quasars exhibit multiwavelength variability on a wide range of time-scales (e.g., Ul-
rich et al., 1997; Peterson, 2001), and ‘changing-look’ quasars are a particularly dramatic
example of this (LaMassa et al., 2015; MacLeod et al., 2016; Runnoe et al., 2016). Evidence
for flickering or intermittent jets can be seen in a number of large-scale radio galaxies (e.g.,
Konar et al., 2006; Turner, 2018; Maccagni et al., 2020; Shabala et al., 2020). There are also
theoretical suggestions that quasars might accrete in sporadic episodes, perhaps lasting
only 105 yr (e.g., King & Pringle, 2007; King & Nixon, 2015). We suspect that understanding
stochasticity and intermittency (in terms of both discs and jets) is important for explaining
why two given sources can look nearly identical in their UV spectra but have totally dif-
ferent radio properties, a statement that can be true for both radio-loud and radio-quiet
sources.
5.4.3 What physics drives the trends in C IV emission space?
Although there are probably a number of competing factors at work, models for the radio
emission must (at least) be able to explain the results shown in Fig. 5.3: the radio-detection
fraction increasing with C IV blueshift, and the decreasing radio-loud fraction. Addition-
ally, at a given location in C IV emission space, what determines whether a source is radio-
loud, radio-detected but radio-quiet, or radio-undetected? The trend in radio-loud frac-
tion is discussed by Richards et al. (2011) and driven by the prevalence of relatively large-
scale, powerful AGN jets; relevant also to this discussion is the work by Kratzer & Richards
(2015) who investigate dependence of the radio-loud fraction and mean radio-loudness
not only on C IV properties, but also with redshift, optical luminosity, ‘Eigenvector I’, mass,
and colour. In contrast to the radio-loud fraction, the trend in radio-detection fraction
is instead driven by the mechanism(s) powering the emission in the cloud of radio-quiet
sources. We discuss each of these trends in turn with reference to the relevant physics of
jets, winds and star formation.
Radio-loud fraction
First, we consider the decrease of the RLF with C IV blueshift, first discussed by Richards
et al. (2011) and now confirmed at lower radio frequencies. We assume for the purposes of
this discussion that the radio emission in the majority of radio-loud sources is produced
by radio lobes that have been inflated by jets. If jets are driven by the Blandford & Znajek




BH; here MBH is the black
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hole mass, a∗ is the dimensionless black hole spin, and ΦB is the magnetic flux thread-
ing the event horizon. As well as having the available spin and magnetic energy, a num-
ber of general-relativistic magnetohydrodynamic simulations (GRMHD) suggest that there
are other critical ingredients like the presence of an inner disc wind to collimate the flow,
and a preference for certain accretion states (see reviews by Blandford et al. 2019; Davis &
Tchekhovskoy 2020).
Black hole spin is interesting to consider, since higher spins lead to higher radiative effi-
ciencies and an increase in extreme UV (EUV) flux, both because the disc extends closer to
the black hole. One possibility is that quasars with lower C IV blueshifts have higher black
hole spins that could preferentially produce jets at low blueshifts and explain the decrease
of RLF with blueshift. In addition, in high-spin sources the increased EUV flux could lead
to a more ionised outflow and BLR. This increase in spin would increase the He II EW and
decrease the line-driving force multiplier and outflow strength (we have observed the He II
EW to be greatest at low C IV blueshifts; see Fig. 3.5). Thus, spin can go someway to explain-
ing the observed behaviours and the apparent anticorrelation between wind and jet preva-
lence in C IV emission line space. It is worth noting that, in X-ray binaries, winds and jets
appear in distinct, and generally opposite accretion states as defined by spectral hardness
and X-ray luminosity (Fender et al. 2004; Ponti et al. 2012; although see also Muñoz-Darias
et al. 2019; Higginbottom et al. 2020). Körding et al. (2006) have attempted to apply simi-
lar principles to populations of AGN, but the picture is clearly more complicated, not least
because of the range in time-scales involved. Nonetheless, the C IV emission space seems
to have potential as a probe of the ‘disc-wind-jet’ connection in AGN.
Spin is likely to be necessary, but not sufficient, for powerful jet production in AGN.
General theoretical arguments for this are given by, for example, Richards et al. (2011) and
Blandford et al. (2019) where a high mass accretion rate can lead to funnelling of mate-
rial to form the base of a jet. The idea is also supported observationally by the fact that
many radio-quiet AGN seem to be spinning rapidly, as inferred from X-ray observations
(Reynolds, 2014) and studies based on the Soltan (1982) argument – which states that the
luminosity function traces the black hole accretion rate of the Universe – generally find high
radiative efficiencies implying high spins (Elvis et al. 2002; Yu & Tremaine 2002; Shankar
et al. 2020; see also Broderick & Fender 2011).
As well as spin, the jet power also depends on the magnetic flux threading the event
horizon (Blandford & Znajek, 1977; Tchekhovskoy et al., 2011; Davis & Tchekhovskoy, 2020),
which can either be generated in situ (e.g. Liska et al., 2020) or accumulated from the sur-
rounding interstellar medium (e.g., Beckwith et al., 2009). It is not clear how the magnetic
flux responsible for jet launch might affect the UV emission line properties, particularly
since it may be a state-dependent property of immediate black hole environment, in con-
trast to the black hole spin that probably changes on longer time-scales. It is also possible
that the jets are primarily launched during different accretion states to the ‘quasar’ state,
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in which case the disc might have little memory of the magnetic field configuration during
the jet episodes (e.g., Sikora & Begelman, 2013).
Generally speaking, the dependence of jet power on the magnetic flux offers a possi-
ble cause of stochastic jet behaviour as discussed in Section 5.4.2. It may also facilitate the
hypothesis that black hole spin increases as blueshift decreases. In this framework, spin
would increase the probability of producing a powerful jet and control the radio-loud trend
with blueshift. Additional physics relating to the accumulation of magnetic flux and/or jet
collimation would then determine whether a powerful jet could be launched for a given
black hole spin (see also Sikora et al., 2007; Rusinek et al., 2020). These suggestions require
severe qualification; there are likely to be multiple degeneracies and it is not possible to
draw clear conclusions. Overall, consideration of jet launching theory (i) provides a possi-
ble framework in which black hole spin increases towards low C IV blueshifts and high He II
EWs; and (ii) supports the idea that stochastic behaviour is expected, which is important
for explaining the radio properties of our quasars in C IV emission space.
Radio-quiet quasars and the radio-detection fraction
As described above, the origin of the radio emission in radio-quiet sources is not known
and is likely to be attributed to at least two mechanisms. The driving factor behind the
trend of increasing radio detection with C IV blueshift depends on this conclusion and the
relative contribution of star formation, winds, and jets.
Disc winds might be driving the increased detection fraction with C IV blueshift, even if
they are not the dominant cause of radio emission in radio-quiet quasars. If so, the expla-
nation might be fairly straightforward: since C IV blueshifts are thought to be caused by a
stronger outflowing component in the BLR, it is fairly natural to expect that they produce
disc winds with higher kinetic powers than low blueshift sources. An increased wind power
could then produce more radio emission and increase the detection fraction.
Disc wind models for BAL quasars are capable of producing strong UV emission lines
(Murray et al., 1995; Matthews et al., 2016, 2020), but, although there have been successful
attempts to model C IV blueshifts (e.g., Chajet & Hall, 2013; Yong et al., 2017), we are not
aware of a full radiative transfer and photoionisation treatment of their formation. In order
to test disc wind models for radio emission, future modelling designed to constrain the
kinetic power of outflows associated with blueshifts would be useful, combined with a more
detailed treatment of the expected radio emission from wind-driven shocks.
5.5 Conclusions
We have made use of the first data release of the LoTSS to investigate the low-frequency
radio emission of a sample of '10 500 quasars in the context of their ultraviolet proper-
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ties. SDSS spectrum-reconstructions from Chapter 2 allow for reliable measurements of
the C IVλ1549- and He IIλ1640-emission lines. Our main conclusions are as follows:
• We have investigated the radio properties of quasars throughout the C IV emission
space – blueshift versus equivalent width. We have found radio-detected quasars ev-
erywhere in C IV emission space that undetected quasars can be found (Fig. 5.2).
• The increased sensitivity of LOFAR relative to surveys such as FIRST enables a unique
probe of the radio-quiet population (Fig. 5.7). We discovered an increasing radio-
detection fraction with increasing C IV blueshift (Fig. 5.3) – which is used to infer the
strength of accretion disc winds. However, the detection fraction trend with blueshift
at fixed EW is not as simple as the monotonic increase observed in the whole popu-
lation (Fig. 5.4 and accompanying text). The radio-loud fraction decreases with in-
creasing blueshift hinting at multiple sources of radio emission that correlate differ-
ently with C IV blueshift.
• Radio-loud sources can be found across the same range of C IV emission space as
radio-quiet sources, but, consistent with earlier studies, the largest, most luminous
and most radio-loud sources are found preferentially at low blueshifts and moder-
ately high C IV EWs (Fig. 5.8).
• Luminous radio sources are also found almost everywhere in C IV emission space,
but, consistent with earlier studies, the largest, most luminous and most radio-loud
sources are found at low blueshifts and moderately high C IV EWs (Fig. 5.8). It is dif-
ficult, however, to separate different sources of radio emission and so care should be
taken when performing statistical analysis on the whole population (Fig. 5.9). Ad-
ditionally, the distribution of radio-loudness as a function of C IV blueshift would
suggest that the radio-loud threshold should be a function of blueshift rather than
a constant number.
• Comparing FIRST-detected sources to radio-loud sources in LOFAR (Fig. 5.7) reveals
that when a reasonable radio-loudness cut is applied, the two populations have very
similar distribution in C IV emission space. This result suggests that the observing
frequencies are tracing similar AGN phenomena and that radio-loud sources in LO-
FAR that are either too faint, or have too steep spectra, to be detected by FIRST are an
extension of the same population.
• Despite the trends across the parameter space, sources can look identical in the ul-
traviolet and have completely different radio properties. This inability to differenti-
ate quasars with different radio properties based solely on their ultraviolet properties
suggests that the radio does not know about the current state of the accretion disc,
as might be expected if the processes are stochastic and the different emission traces
different time-scales of activity.
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• We find that the radio properties correlate with He II EW. There is a Baldwin effect
with luminosity across the radio-quiet quasars, whereas most luminous radio sources
have strong He II EW (Fig. 5.10, left-hand panel). Weak He II EW sources (EW ® 1 Å)
are almost guaranteed to be radio-quiet with luminosities below 1026 W Hz−1.
• We explore the possible origin of the radio emission. We find that star formation, disc
winds and weak/compact jets are all energetically capable of producing the radio-
quiet quasar emission (Fig. 5.10). We explore the possible role of star formation in
more detail using Monte Carlo simulations, showing that a broad distribution of SFRs
with median ≈ 30 M yr−1 can approximately reproduce the detection fraction and
distribution of radio luminosity in the radio-quiet quasars (Fig. 5.11). We infer SFRs
in the range of 100s to 1000s of M yr
−1 in the radio-detected, radio-quiet sources.
Occam’s razor might lead one to invoke star formation plus jets as the simplest ex-
planation for the radio emission, but there is plenty of room for other drivers. Multi-
ple overlapping contributions from winds, jets, and star formation are possible (see
Section 5.4.1).
Our work further demonstrates the utility of low-frequency radio data for investigations re-
garding the origin of radio emission, particularly in radio-quiet quasars. Combining LOFAR
data with the C IV emission line space has allowed us to investigate the connection between
winds, jets, and star formation, as well as their relationship with the AGN accretion disc
and BLR. Future data releases from LoTSS covering the full northern sky will therefore be
of tremendous value in addressing these questions and studying the relationship between




Conclusions and Future Prospects
6.1 Summary
The aim of this thesis is to provide quantitative observations of the various outflow sig-
natures in UV quasar spectra with the intention of providing constraints that can then be
applied to theoretical modelling. To that end, we have used the SDSS DR14 quasar popu-
lation at redshifts 1.5< z < 3.5 as our base sample of quasars. In Chapter 2 I described the
spectrum reconstruction scheme which implements ICA in order to reconstruct the intrin-
sic C IV emission even in the face of extensive absorption. The reconstructions were then
used as the reference continua for the classification of quasar as either BALs or non-BALs,
using the classical Balnicity Index definition as well as the Absorption Index definition.
With the C IV emission properties measured for all quasar populations, we compared
the distribution of the BAL and non-BAL quasars in the C IV emission space and found them
to be the same (Chapter 3). The similarities between the He II EW – which provides a mea-
sure of the flux in the far-ultraviolet, the bolometric luminosity, and Eddington ratio of the
BAL and non-BAL quasars lead us to the conclusion that the BAL and non-BAL quasars are
drawn from the same population. We suggest that BAL quasars are not a result of a partic-
ular viewing angle, just above or below some obscuring torus for example, but instead that
they are a result of small differences in the line-of-sight based on the similarities between
the UV properties of the two sub-populations.
One of the main conclusions of this thesis is that the properties of the various UV out-
flow signatures (C IV blueshift, BALs, and NALs) are all correlated. We have shown that the
BAL trough parameters, including the minimum and maximum ejection velocities, corre-
late with the location in the C IV emission line blueshift and equivalent width space. In
particular, the velocities in the wind traced by absorption increase as the C IV blueshift in-
creases. We have found a similar correlation between the maximum velocities of the NAL
systems and the C IV blueshift (see Chapter 4). The velocities of the line-locked systems also
increase with C IV blueshift which illustrates the importance of radiation line-driving in ac-
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celerating the wind. The ionisation state of the gas responsible for the narrow absorption
lines found outside of and within the BAL troughs are also similar which provides further
evidence in support of the BAL and non-BAL quasars being drawn from the same parent
population.
In Chapter 5, we investigated the low-frequency radio properties of our quasar sam-
ple in the context of the UV properties explored in Chapter 3. The sensitivity of LOFAR
allows the detection of a significant fraction of quasars which are classified as radio-quiet
and we find that the radio-detection fraction, which is driven by the radio-quiet sources,
increases with C IV blueshift whilst the radio-loud fraction, driven by powerful radio jets,
decreases. The opposing trends imply that there are at least two sources of radio emission
in luminous, high-redshift quasars and that they correlate differently with the C IV emis-
sion space. However, we find that the radio-quiet and radio-loud sources do exist across all
of the populated C IV emission space. The existence of quasars with similar UV properties
and different radio properties could suggest that the UV and radio are tracing quasar activ-
ity on different time-scales. The discovery that all of the radio-loud quasars have weak He II
emission but that all quasars with weak He II need not be radio-loud leads us to conclude
that stochasticity to some degree is involved in jet formation. Additionally, compact/weak
jets, star formation, and winds are all plausible sources for driving the trends observed in
the radio emission in radio-quiet quasars and we rule out none.
6.2 Future prospects
Previous works have suggested that strong associated absorbers are an indicator of an edge-
on orientation (Stone & Richards, 2019; Richards et al., 2021). The NAL catalogue presented
in Chapter 4 will allow an investigation into the utility of NALs as an orientation-indicator
in combination with radio spectral indices from FIRST and LOFAR where steep-spectrum
sources are more likely edge-on. Extending the catalogue to include the SDSS DR16 objects
would also improve the statistics of line-locking in the BAL and non-BAL populations.
According to our paradigm, BAL and non-BAL quasars are drawn from the same parent
population. Allen et al. (2011) observed that with increasing redshift, BAL quasars grow
disproportionately redder than their non-BAL counterparts. Whereas the SDSS-derived
samples studied by Allen et al. (2011) and in this thesis suffer from selection effects due to
biases against even moderately red quasars, the infrared-selected quasar population from
WISE targeted with 4MOST will enable a direct study of the emission line properties of the
moderately reddened quasar population. Such an investigation would test our model, as
a statistical difference in emission-line properties between BAL and non-BAL red quasars
would suggest intrinsic differences between the populations.
The question of how the activity of the black hole affects galaxy evolution is a fundamen-
tal one that can only be answered by combining different diagnostics probing properties
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over the very the different physical scales involved. This thesis is an example of the ad-
vances that can be made with the greatly improved statistical samples now available, com-
bined with modern statistical analysis techniques. However, samples with full wavelength
to faint flux limits are still relatively small. LOFAR will make improvements at radio wave-
lengths and eROSITA (Merloni et al., 2012; Predehl et al., 2020) is in the process of imaging
the entire sky at X-ray wavelengths (0.2–8 keV). While designed to observe> 100 000 galaxy
clusters, eROSITA will also image ∼3 million AGN, probing the innermost region of the ac-
cretion disc, e.g., X-ray diagnostics such as the in-band spectral index give an indicator of
the Eddington fraction (Shemmer et al., 2006; Marlar et al., 2018).
Recent advances made by statistical investigations of quasar variability, including the
discovery of changing-look quasars (LaMassa et al., 2015) and the initial results on rever-
beration mapping and BAL-trough variability, have shown that AGN are not static objects
and that some of the time-scales involved are short. Increased baselines are required to
investigate variability on longer time-scales and larger sample sizes of quasars being mon-
itored will improve the statistics. LSST (Ivezić & et al., 2019) is expected to image 10–30
million AGN in the optical and produce light curves of close to 1000 epochs. Meanwhile
SDSS-V’s Black Hole Mapper (Kollmeier et al., 2017) will produce optical spectra for more
than 300 000 quasars and will provide time-resolved spectroscopic observations for more
than 22 000 of them. The application of the MFICA spectrum reconstruction scheme to the
spectra from SDSS-V would aid in the investigation of temporal variability. Large samples
of time-resolved observations allow quasar variability to be studied, including the role of
outflows, while multi-wavelength observations will help to build a holistic picture of out-
flows on different scales. The next obvious step is to produce a model for quasar winds that





The correlation between the morphology of the C III]λ1908+Si III]λ1892+Al IIIλ1857 emis-
sion complex and the extent of the blueshift of C IV emission in luminous quasar spectra has
been known for some time (see fig. 16 of Richards et al., 2011, and the top panels of our Fig-
ure A.1). While the C IV blueshift is a result of shifting the centroid of the line, the observed
C III] ‘blueshift’ is caused by an increase in the ratio of Si III] to C III] emission. Richards
et al. (2011) used the C III] ‘blueshift’ to parameterise the blueshift of the absorbed C IV
emission in a sample of BAL quasars. Here, we use the C III] ‘blueshift’ to place priors on
the 10 component weights for the BAL quasars since, for the high-ionisation BAL-quasars
under investigation, the 1600–2900 Å wavelength interval is free of high-ionisation transi-
tions where broad absorption is observed.
The component-weight priors were constructed using a sample of ∼4000 non-BAL
quasars with S/N ≥ 9 per pixel. Similarities between the BAL quasar and non-BAL quasar
spectra in the wavelength range 1600–3000 Å allow the non-BAL quasars to be used to infer
the BAL quasar component weights. The components covering 1260–3000 Å were fitted to
the spectra and the C III] ‘blueshift’ measured between 1820 and 1970 Å using the recipe
detailed in Section 3.2.1. The continuum was fitted using the wavelength intervals 1790–
1810 Å and 2015–2035 Å. The middle panels of Figure A.1 show two examples of the com-
ponent weights against the C III] ‘blueshift’ for the non-BAL quasar sample. The spectra
(and component weights) were binned according to the C III] ‘blueshift’. The edges of the
bins are drawn on the top four panels in Figure A.1. The correlation between the C III] and
C IV is evident in the composite reconstruction for each bin in Figure A.2: with increasing
C III] ‘blueshift’ (increasing bin number), the C IV blueshift also increases. Note also that
the C IV EW decreases and that He IIλ1640 decreases in strength with increasing blueshift,
the latter of which is in agreement with Richards et al. (2011) and Baskin et al. (2013, 2015).
The median and median absolute deviation (MAD) of each component weight in each
bin was calculated (see examples in the bottom panels of Figure A.1). From these mea-
surements, for each C III] ‘blueshift’ measured in the whole quasar sample, normal priors
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Figure A.1: Priors for first component (left panels) and 7th (right panels) as examples, created from ∼4000
non-BAL quasars. Top: C IV blueshift against that of C III] for the non-BAL quasars, with points coloured
by component weight. Vertical grey lines mark the C III] ‘blueshift’ bin edges. Middle: component weight
against C III] ‘blueshift’. Grey lines are again the bin edges. Bottom: median component weight in each
C III] ‘blueshift’ bin against C III] ‘blueshift’ (blue points). The blue line and shaded regions are created via
a quadratic spline interpolation of the median and the median absolute deviation component weights. The
green points are the same as those in the middle panels. The orange points mark the priors for an example
spectrum with a C III] blueshift of 2000 km s−1 where the points and errorbars mark the centre and width of
the normal priors for each component.
can be created by implementing quadratic spline interpolation via the Python library SciPy
(shaded regions in the same panels). As an example, a spectrum with a C III] blueshift of
2000 km s−1 will have a normal prior for component 1 (7) with centre 0.018 (0.009) and width
0.005 (0.003).
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Figure A.2: Non-BAL quasar composite reconstructions for the odd-numbered bins in C III] ‘blueshift’. From
the first bin to the 9th, as the C III] ‘blueshift’ increases the C IV blueshift also increases.
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Appendix B
The unabsorbed SEDs of BAL and
non-BAL quasars
All quasar spectra in our sample, whether BAL or non-BAL, are reconstructed using MFICA
components generated from a sample of non-BAL quasars. Much of the BAL spectra blue-
ward of 1600 Å is affected by absorption such that to reconstruct the BAL quasar spectra
we rely on the assumption that the correlation between the C IV emission and the spectra
redward of 1600 Å of the non-BAL quasars can also be applied to the BAL quasar spectra.
To test the validity of the assumption that, excluding absorption, the BAL and non-BAL
spectra are similar, we have generated composite BAL and non-BAL spectra for different
regions in C IV emission space. The regions are those marked on the C IV emission space
in the top right panel of Figure B.1. Pixels masked due to narrow or broad absorption in
individual spectra do not contribute to the composites. In regions 1–4, where the distribu-
tions of BAL and non-BAL quasars in the C IV emission space differ significantly the objects
contributing to each composite have been matched carefully. Specifically, non-BAL com-
posites have been constructed using the same number of spectra contributing to the BAL
composite, where each non-BAL spectrum has been selected to lie close to a BAL-spectrum
in the C IV emission space.
Figure B.1 presents the composite spectra of the BAL and non-BAL quasars, illustrating
that for all regions in C IV emission space the median non-BAL and BAL spectra are remark-
ably similar. Only by adopting a very contrived model could the results of the comparison
(for the two populations) be explained in circumstances where the assumption was not
also valid for individual BAL-quasars. There are only slight differences in a few regions,
namely 3, 6 and 9, where the continuum blueward of C IV is lower in the BAL composites
than the non-BAL composites (1, 2 and 1 per cent difference on average for the three re-
gions) on account of imperfect masking of the absorption troughs. The composite BAL
reconstructions (lower right panels of Figure B.1) are almost identical to the non-BAL spec-
tra. The improved match comes about because of the continuity over hundreds of km s−1
in the reconstruction process further reducing the effect of the modest depression in the
APPENDIX B. THE UNABSORBED SEDS OF BAL AND NON-BAL QUASARS 107
BAL-spectra.
The lack of BAL quasars at high C IV EWs can also be supported here. If a fraction of
the non-BAL quasars have absorption in their spectra that is not being detected then the
non-BAL spectra in composite 1 of Fig. B.1 would show a depression in the blue wing of the
C IV emission. No significant absorption is observed and so we are confident in our ability
to detect and mask the absorption, and subsequently reconstruct the intrinsic emission
throughout the C IV emission space.
The C IV emission properties computed from the BAL and non-BAL composite spectra
and the BAL-reconstructions show only very small differences. Even using the composite
spectra themselves, the differences in the C IV EW and blueshift are small, typically only
'3 per cent in EW and '70 km s−1 in blueshift. No blueshift difference exceeds 150 km s−1
and the most extreme difference in EW occurs for the composites in region 9, where the
2 Å change corresponds to a 9 per cent increase for the BAL composite. The measurements
from the BAL and non-BAL reconstructions, used throughout the paper, are even more
similar.
The differences in the C IV emission properties between the actual BAL and non-BAL
composite spectra are negligible in the context of all measurements presented in the paper.
The result provides clear evidence that the assumption regarding the similarity between the
BAL and non-BAL SEDs is valid to a high degree of accuracy for the two populations.
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Figure B.1: Composite spectra from the numbered C IV regions in the top right panel. BAL composite spec-
tra are in black and non-BAL quasars in colours. Each composite is numbered according to its location in
C IV emission space. For three of the regions we plot the C IV emission in the lower right panels. Composite
BAL reconstructions are also plotted here (coloured dotted lines). The C IV parameters measured from the
composite spectra (crosses) and from individual quasars (points) are plotted in the C IV emission space with




Figure C.1 contains the distribution of the widths of the troughs in the AI(BI=0) quasar
population. The AI(BI>0) population also contains some AI troughs with BI= 0 and these
are treated in the same way as the AI troughs in the AI(BI=0) quasar population. The current
procedure for selecting NALs that are in AI troughs as opposed to being AI troughs is based
on whether VF depth,450 ≤ 3000 km s−1 or > 3000 km s−1, respectively. The former sub-sample
can easily contain troughs with widths > 2000 km s−1 and still have BI= 0 if the majority of
the trough extends below the 3000 km s−1-minimum BI trough starting velocity. There is an
excess of troughs with widths around the C IV doublet separation and the triplet separation
in the VF depth,450 > 3000 km s
−1 sub-sample. However, there are such troughs in both sub-
samples. In the future, it would be sensible to decide which AI troughs are wholly C IV
NALs using the width of the troughs instead of splitting by location of the deepest part of
the trough.
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Figure C.1: Width of the AI(BI=0) troughs. The blue histogram contains the troughs with VF depth,450 ≤
3000 km s−1and the orange stacked on top contains those with VF depth,450 > 3000 km s
−1. Many troughs in
both sub-samples have widths around the C IV doublet separation (∼500 km s−1; solid vertical line) and the
triplet separation (∼1000 km s−1; dashed vertical line).
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Appendix D
Redshift evolution in C IV emission space
We have split the quasar sample into three redshift bins: [1.5, 2.0], (2.0, 2.5] and (2.5, 3.5],
comprising 4421, 3391 and 2313 quasars, respectively, to investigate the redshift distribu-
tion in C IV emission space (top panels of Fig. D.1). In the lowest redshift bin, there is full
coverage of the C IV emission space such that the detection and radio-loud fractions as
functions of C IV blueshift (bottom row of Fig. D.1) are in closest agreement with the full
sample and Fig. 5.3. As redshift increases, the highest C IV-EW sources – which are lower
luminosity than low-EW sources – are lost from the sample; however, the detection and
radio-loud fractions remain in qualitative agreement with the full sample. Also of note and
a result of LOFAR’s finite resolution is the change from most radio-loud sources having re-
solved emission in the lowest redshift bin ('59 per cent of radio-loud sources) to being
mostly unresolved in the highest redshift bin ('24 per cent are resolved).
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Figure D.1: Top row: the C IV emission space populated by quasars in the three redshift ranges. Red and blue
markers indicate whether a source is radio-loud or radio-quiet (see Section 5.3.1). Note that all but four of the
undetected quasars (grey crosses) have radio luminosity upper limits that would classify them as radio-quiet.
Marker shape denotes whether the largest linear size (see Section 5.3.3) of the radio emission is calculated
from the deconvolved major axis (square) or from the LOFAR Galaxy Zoo project (triangle), or if the emission
is unresolved (circle). Bottom row: detection (left-hand axes, blue) and radio-loud (right-hand axes, orange)
fractions as functions of C IV blueshift for the three redshift ranges. Vertical error bars for bins empty of radio-
loud quasars have been calculated assuming the presence of one radio-loud quasar. This is the case for the
lowest and highest C IV blueshift bins in the highest redshift subsample, and the highest C IV blueshift bin in
the middle redshift subsample.
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Appendix E
Effect of target selection on radio
fractions
We have limited the sample to the quasars targeted as part of the CORE BOSS sample, re-
ducing the sample from 10 163 to 2195 quasars. The 7968 quasars removed included 14
quasars targeted for their FIRST detections. Figure E.1 contains the radio-detection and
radio-loud fractions as a function of blueshift for this limited sample and can be compared
directly to Fig. 5.3. Due to the decreased sample size, the error bars are much larger than in
Fig. 5.3. Limiting the sample in this way has not changed the qualitative trends illustrated
in Fig. 5.3: the detection fraction increases with C IV blueshift whilst the radio-loud fraction
decreases with increasing blueshift.
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Figure E.1: Same as Fig. 5.3 but having limited the sample to quasars only targeted as part of the CORE BOSS
sample. The lowest and highest C IV blueshift bins contain zero radio-loud quasars, thus their vertical error
bars are estimated based on one radio-loud quasar populating these bins. An overall increase in detection
fraction and decreasing radio-loud fraction as blueshift increases are observed.
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